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ABSTRACT 
This thesis presents experimentally validated simulation models developed to 
obtain accurate prediction of microchannel heat exchanger performance and 
charge. Effects of using various correlations are presented and discussed with 
focus on microchannel condensers and evaporators. Experiments with different 
refrigerants including R290, R717, R1234yf, and R134a are used to validate the 
models. The experimentally validated models are used to compare the charge of 
various refrigerants.  The procedure for charge reduction analysis described in the 
thesis is the reduction of the internal (refrigerant) volume of the condenser or 
evaporator until a pressure drop is obtained that results in a specified percent 
decrease in COP from the same refrigeration cycle with no pressure drop. 
Furthermore, the effect of mass flux on charge is studied and discussed. Lastly, 
prediction of charge in headers is explored and correlations for predicting charge 
in headers of microchannel condensers are presented. 
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CHAPTER 1: INTRODUCTION 
1.1 BACKGROUND AND MOTIVATION 
It is clear that charge reduction is beneficial for any refrigerant in any application. 
For HFC’s and HCFC’s with non-negligible GWP, charge reduction decreases 
carbon footprint caused by direct refrigerant emissions. Charge reduction also 
makes economic sense when using more costly synthetic low-GPW refrigerant 
alternatives. Even for natural refrigerants, charge reduction is desirable, especially 
for working fluids possessing unwanted characteristics (flammability, material 
incompatibility, toxicity). Significant charge reduction, specifically below 50 g of 
total charge in the refrigeration system, might open some doors for application of 
these hydrocarbon refrigerant systems even in the USA. Very low charge NH3 
(R717) systems may facilitate use in chillers for application in populated areas.   
1.2 OBJECTIVE  
More reliable and accurate prediction tools are needed that allow engineers to 
design low-charge systems and components without sacrificing capacity and 
energy efficiency. The objective of this work is to show different methods of 
modeling charge in microchannel condensers and evaporators. Then, using these 
models, the objective was to show different effects that may affect the total charge 
in the heat exchanger components. By analyzing and understanding these 
different effects that may cause a change in refrigerant charge, components can be 
designed accordingly. 
1.3 THESIS OUTLINE 
Chapter 2 shows the modeling procedure for serpentine and single pass 
condensers. It uses the available data, which contain charge data for serpentine 
and single pass condensers. Correlations are tested and validated with the data 
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sets. Chapter 3 shows the modeling procedure for serpentine evaporators and the 
charge data available for such designs. The model is then compared with the data 
and correlations are selected based on the validation. Chapter 4 presents a 
technique using the condenser model to compare different refrigerants. This 
technique is based on enforcing the same penalty on Coefficient of Performance 
caused by reduction of internal value, which increases pressure drop. Chapter 5 
uses this same technique but with the evaporator. Chapter 6 shows the effect of 
mass flux on charge for different refrigerants using different condenser designs; a 
technique for this comparison is presented as well. Chapter 7 shows the same 
analysis, but it uses geometries and refrigerant properties based on the serpentine 
design from Chapter 4. Furthermore, in Chapter 7 header charge is explored for 
single pass designs and some rudimentary methods for predicting header charge 
in single pass designs are explored. Chapter 8 shows different modeling 
techniques for header charge in single pass and two pass design microchannel 
condensers. These different methods are compared to different data sets, and the 
best modeling technique based on the data is presented. Chapter 9 shows the 
conclusion and proposed future work on the subject. 
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CHAPTER 2: SERPENTINE AND SINGLE PASS CONDENSER MODELS 
WITHOUT HEADERS 
2.1 MODEL DESCRIPTION 
Models for condensers were created to study charge, capacity, and pressure drop. 
Data from experiments was used to validate these models. The models were used 
to run series of analyses on each condenser design. This chapter emphasizes 
serpentine condenser design and single pass design. In the single pass condenser 
design, the effects of the headers were neglected.  
 
Figure 2.1: Condenser discretization description 
The model for condensers is a finite volume model. The condenser is divided into 
segments along each pass or tube shown in Fig. 2.1. In each element, heat transfer 
was calculated using the effectiveness-NTU method with respective correlations, 
pressure drop was calculated using various correlations, and charge was 
calculated using density and different void fraction correlations. For the 
serpentine design, the bends for each pass are assumed adiabatic, and only the 
effects of single-phase frictional pressure drop and refrigerant charge are 
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accounted for. Furthermore in the serpentine design the inlet and outlet headers 
are assumed to be filled at their respective thermodynamic states of closest 
elements. Any tubes connecting from the main microchannel tubes to the headers 
are assumed adiabatic and only pressure drop due to friction is taken into account 
in these tubes. For the single pass design, each tube in the pass is assumed have 
the same refrigerant and air side properties. Headers are not accounted for the 
single pass design in this chapter but are studied in Chapter 8. 
A range of correlations was tested for air side heat transfer coefficient. Details of 
the tested correlations are shown in Section 2.3. Pressure drop on the air side was 
not studied for any design. 
The model separates the refrigerant path through the condenser into 5 possible 
heat transfer sections. The procession of regions followed by the refrigerant is 
shown in Fig. 2.2.  
 
Figure 2.2: Refrigerant path in condenser designs 
The single-phase superheated region occurs when the bulk temperature of the 
refrigerant and the inner wall temperature are above the saturation temperature at 
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the given pressure. The model first checks if the bulk temperature is above 
saturation temperature. If this is so, then the superheated routine with pertinent 
correlations was run. Single-phase heat transfer coefficient, pressure drop friction 
factor coefficient correlations and void fraction correlations for charge predictions 
are applied (see Section 2.3 for description of refrigerant and air single-phase 
correlations). Once the pressure drop, heat transfer, and charge are calculated for 
the first element, the outputs of this element become the inputs into the next 
element.  
The superheated routine outputs an inner wall temperature. This inner wall 
temperature is checked to see if it is below the fluid’s saturation temperature. If it 
is not below saturation temperatures, the previous calculation assuming the flow 
was superheated was correct. If the inner wall temperature is below the saturation 
temperature, the previous calculations for the element are disregarded and the 
inner wall temperature is used to iterate through correlations in the condensing 
superheated zone. 
The heat transfer correlation for the condensing superheated region, transition 1 as 
shown in Fig. 2.2 by Kondo and Hrnjak (2011) is applied to the new element 
when the wall temperature is below or equal to the saturation temperature. This 
correlation connects the heat transfer coefficients between the two-phase region 
and the single-phase region (see Section 2.4 for description of the condensing 
superheated region). Again correlations pertinent to this region are calculated and 
new outputs obtained. 
Once the bulk temperature and the wall temperature are both below or equal to the 
saturation temperature, then the two-phase region is applied to the element (see 
Section 2.5) for refrigerant two-phase correlations. This is repeated until the 
model reaches a quality of 0.05, at this quality transition 2 shown in Fig. 2.2 is 
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initiated so that the next element in the condenser is in the subcooled zone. This is 
done by setting any quality between 0 and 0.05 to be 0.001 and using the 
correlations at this quality. This reduces singularities or errors in correlations as 
the model approaches 0 (possible divisions by zero in some two-phase 
correlations). Once this jump is made the model enters the subcooled region.  This 
region is analyzed the same way as the superheated zone (see Section 2.4 for 
correlations used in this region).  
The model collects the outputs of each element and sums the capacity, pressure 
drop, and charge in each element to provide the total values for the condenser.  
2.2 DATA FOR VALIDATION 
Different data sets where used to validate the different condenser design models. 
The data sets are divided into two groups. The first group corresponds to data for 
complete microchannel condensers, for which there is charge, capacity, and 
pressure drop data available. The second section consists of charge data in 
individual tubes. 
2.2.1 Data for full condensers 
The first condenser data set was from Hoehne and Hrnjak (2004) for 1.0 to 1.4 
kW capacities with R290 as the working fluid. Fig. 2.3 shows the serpentine 
design, Fig. 2.4 and Fig. 2.5 show the single pass design condensers, and Fig. 2.6 
shows the two pass design. For the single pass design, the condensers were 
identical in all respects except for the number of active microchannel ports. Fig. 
2.4 shows all ports open (19 open ports) whereas Fig. 2.5 shows configuration for 
9 closed ports (10 active ports). Table 2.1 shows the geometric parameters not 
shown in the respective figures for each design. Note that air side heat transfer 
7 
 
areas were approximately the same for all four condensers. Table 2.2 shows the 
experimental data for all designs studied by Hoehne and Hrnjak (2004).  
The second data set was from Litch and Hrnjak (1999). This data consists of a 
serpentine design shown in Fig. 2.7 and a two pass design shown in Fig. 2.8 for 
10 to 12 kW capacities for both designs with R717 as the working fluid. Table 2.3 
shows the geometric parameters that are not shown in their respective figure for 
both of these designs. Table 2.4 shows the experimental data applicable to charge 
prediction for both designs.  
Finally Fig. 2.9 shows data from Jin and Hrnjak (2012) for a two pass 
microchannel condenser with approximately 5 kW capacity. Table 2.5 shows the 
other geometric parameters of the condenser. Table 2.6 shows the data and 
operating conditions using R1234yf and R134a as the working fluids. The one 
pass and two pass design condensers from the mentioned data sets are used in 
Chapter 8 to predict charge in headers which are not analyzed in this chapter. 
2.2.2 Data for individual microchannel tubes 
A data set by Adams et. al. (2003) for a single microchannel tube was used. The 
microchannel tube and charge data are shown in Fig. 2.10. It has a total of 6 ports 
with a hydraulic diameter of 1.54 mm and a refrigerant cross sectional area of 
16.7 mm2 for the whole tube. The tube length was 0.991 m. The data is taken at 
approximately 35 °C saturation temperature using R717.  
Unfortunately, no further data was found for charge inventory in either 
microchannel heat exchanger or individual microchannel tubes.  
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Figure 2.3: Hoehne and Hrnjak (2004) serpentine condenser 
9 
 
 
Figure 2.4: Hoehne and Hrnjak (2004) single pass condenser with all microchannel ports open 
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Figure 2.5: Hoehne and Hrnjak (2004) single pass condenser with some microchannel ports open 
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Figure 2.6: Hoehne and Hrmjak (2004) two pass condenser with all microchannel ports open 
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Figure 2.7: Litch and Hrnjak (1999) serpentine condenser for R717 
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Figure 2.8: Litch and Hrnjak (1999) two pass condenser for R717 
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Figure 2.9: Jin and Hrnjak (2012) for two-phase condenser for R1234yf and R134a 
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Table 2.1: Measured and calculated geometric properties used for modeling of condensers from 
Hoehne and Hrnjak (2004) 
Item Unit Serpentine Two Pass 
One Pass 
Open 
One Pass 
Closed 
Air Side Fin Heat Transfer Area [m2] 1.30 1.33 1.38 1.38 
Air Side MCT Heat Transfer Area [m2] 0.26 0.23 0.24 0.24 
Total Air Side Heat Transfer Area [m2] 1.56 1.56 1.62 1.62 
Total Refrigerant Heat Transfer Area [m2] 0.43 0.38 0.38 0.20 
Heat Transfer Area Ratio [-] 0.83 0.85 0.85 0.85 
MCT Refrigerant  Cross Sectional 
Area [cm
2] 0.1196 0.1196 0.1196 0.06295 
MCT Air Side Cross Section Area [cm2] 125.2 116.6 116.5 116.5 
Fin Cross Sectional Area [cm2] 35.12 536.3 46.82 46.82 
Free Flow Area [cm2] 489 474.5 467.8 467.8 
Face Area [cm2] 649.4 636.2 631.1 631.1 
Cross Sectional Area of Single Port [cm2] 0.0063 0.0063 0.0063 0.0063 
Width of Heat Exchanger [m] 0.2746 0.2667 0.2667 0.2667 
Height of Heat Exchanger [m] 0.237 0.239 0.237 0.237 
Length of a Bend [m] 0.019 n/a n/a n/a 
Length of Tube from Header to MCT [m] 0.124 n/a n/a n/a 
Perimeter of Single Port [m] 0.00325 0.00325 0.00325 0.00325 
Absolute Roughness [m] 0.000001 0.000001 0.000001 0.000001 
Number of MCT [-] 2 23 23 23 
Number of Passes [-] 12 2 1 1 
Number of Tubes in Pass 1 [-] 1 15 23 23 
Number of Tubes in Pass 2 [-] n/a 8 n/a n/a 
Number of Microchannel ports [-] 19 19 19 10 
MCT Internal Volume [cm3] 86.79 73.36 73.36 38.61 
Volume of Inlet Tubes to Collect 
Charge [cm
3] 5.50 5.07 5.07 5.07 
Volume of Outlet Tubes to Collect 
Charge [cm
3] 5.50 5.07 5.07 5.07 
Volume of Inlet header [cm3] 5.60 42.75 69.22 69.22 
Volume of Intermediate Header 2 [cm3] n/a 42.75 n/a n/a 
Volume of Intermediate Header 3 [cm3] n/a 22.80 n/a n/a 
Volume of Outlet Header [cm3] 5.60 22.80 69.22 69.22 
Total Internal Volume [cm3] 97.99 214.54 221.94 187.19 
Header Inner Diameter [m] n/a 0.019 0.019 0.019 
Height of Inlet Header [m] n/a 0.156 0.237 0.237 
Height of Outlet Header [m] n/a 0.083 0.237 0.237 
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Table 2.2: Experimental data for all designs from Hoehne and Hrnjak (2004) for R290 
 
 
ṁref Tcri Tcro Pcri Pcro Tcai Tcao  air RHci Mref ∆P Qair Qref Tsubcool 
 
 
[g/s] [°C] [°C] [kPa] [kPa] [°C] [°C] [m3/s] [-] [g] [kPa] [kW] [kW] [°C] 
S
e
r
p
e
n
t
i
n
e
 
A 3.33 80.2 48.7 1748.7 1722.4 35.8 48.7 0.09 0.23 24.21 26.3 1.239 1.194 1.6 
B 3.64 81.6 47.2 1696.7 1660.8 35.7 46.5 0.12 0.23 23.53 35.9 1.383 1.337 1.4 
C 3.58 81.2 45.3 1630.0 1593.4 35.6 44.3 0.15 0.23 23.83 36.6 1.395 1.338 1.4 
D 3.60 70.3 40.3 1475.5 1435.7 25.6 39.5 0.09 0.37 22.90 39.9 1.359 1.327 1.7 
E 3.61 71.0 37.1 1375.7 1332.0 25.5 35.9 0.12 0.40 22.03 43.7 1.407 1.381 1.7 
F 3.48 71.0 35.3 1323.3 1283.2 25.5 33.7 0.15 0.42 23.83 40.1 1.367 1.356 1.9 
T
w
o
 
P
a
s
s
 
A 3.36 80.3 48.2 1735.6 1734.2 35.7 48.6 0.09 0.20 28.11 1.3 1.216 1.208 2.3 
B 3.64 81.8 46.2 1667.1 1665.7 35.7 45.8 0.12 0.23 28.61 1.4 1.304 1.354 2.5 
C 3.58 80.7 44.5 1601.4 1600.3 35.7 43.8 0.15 0.23 27.63 1.0 1.296 1.347 2.4 
D 3.62 69.6 39.9 1455.5 1452.7 25.6 39.0 0.09 0.37 29.03 2.8 1.309 1.335 2.6 
E 3.61 70.8 36.6 1353.4 1350.8 25.5 35.5 0.12 0.39 28.39 2.6 1.335 1.387 2.8 
F 3.47 70.1 34.7 1285.7 1283.1 25.5 33.1 0.15 0.38 28.51 2.6 1.266 1.355 2.5 
O
n
e
 
P
a
s
s
 
O
p
e
n
 
P
o
r
t
s
 
A 3.32 79.1 48.9 1729.8 1728.4 35.7 48.4 0.09 0.21 30.62 1.4 1.216 1.180 1.5 
B 3.65 81.8 46.4 1685.6 1684.2 35.7 46.2 0.12 0.23 31.14 1.4 1.397 1.352 2.8 
C 3.59 81.0 45.6 1604.3 1603.3 35.5 44.1 0.15 0.23 30.96 1.0 1.366 1.339 1.3 
D 3.61 69.1 40.9 1443.4 1441.6 25.6 38.9 0.09 0.37 31.11 1.8 1.327 1.322 1.3 
E 3.59 71.0 35.9 1373.9 1371.9 25.5 35.6 0.12 0.41 29.45 2.0 1.387 1.387 4.1 
F 3.49 70.7 36.0 1289.4 1287.0 25.5 33.7 0.15 0.37 29.85 2.4 1.364 1.354 1.3 
O
n
e
 
P
a
s
s
 
C
l
o
s
e
d
 
P
o
r
t
s
 
A 3.30 80.3 49.0 1721.0 1717.4 35.8 48.6 0.09 0.23 23.16 3.7 1.227 1.182 1.1 
B 3.64 81.9 47.7 1668.7 1666.0 35.7 46.5 0.12 0.19 23.07 2.6 1.388 1.337 1.1 
C 3.57 81.4 45.7 1598.3 1597.5 35.7 44.2 0.15 0.23 22.83 0.8 1.386 1.334 1.1 
D 3.59 70.4 41.1 1442.9 1440.9 25.7 39.2 0.09 0.40 23.00 2.0 1.324 1.321 1.1 
E 3.61 71.5 38.4 1351.9 1349.1 25.6 36.0 0.12 0.39 22.74 2.8 1.383 1.376 1.0 
F 3.48 70.8 36.1 1281.9 1279.4 25.6 33.7 0.15 0.40 22.58 2.5 1.352 1.348 1.0 
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Table 2.3: Measured and calculated geometric properties used for modeling of condensers from 
Litch and Hrnjak (1999) 
Item Units Serpentine Two Pass 
Air Side Fin Heat Transfer Area [m2] 5.338 6.884 
Air Side MCT Heat Transfer Area [m2] 0.629 1.047 
Total Air Side Heat Transfer Area [m2] 5.967 7.932 
Total Refrigerant Heat Transfer Area [m2] 1.125 1.814 
Heat Transfer Area Ratio [-] 0.895 0.868 
MCT Refrigerant  Cross Sectional Area [cm2] 1.128 0.1196 
MCT Air Side Cross Section Area [cm2] 628.90 119.61 
Fin Cross Sectional Area [cm2] 165.7 243.1 
Free Flow Area [cm2] 1706.0 1954.0 
Face Area [cm2] 2501.0 2691.0 
Cross Sectional Area of Single Port [cm2] 0.2256 0.0033 
Width of Heat Exchanger [m] 0.6190 0.6985 
Height of Heat Exchanger [m] 0.4040 0.3853 
Length of Bend [m] 0.023 n/a 
Length of Tube from Header to MCT [m] 0.379 n/a 
Perimeter of Single Port [m] 0.0222 0.0036 
Absolute Roughness [m] 1.00E-06 1.00E-06 
Number of MCT [-] 1 38 
Number of Passes [-] 16 2 
Number of Tubes in Pass 1 [-] 1 24 
Number of Tubes in Pass 2 [-] n/a 14 
Number of Microchannel Ports [-] 5 19 
MCT Internal Volume [cm3] 1199.00 317.50 
Volume of Inlet Tubes to Collect Charge [cm3] 16.47 16.47 
Volume of Outlet Tubes to Collect Charge [cm3] 9.27 9.27 
Volume of Inlet Header [cm3] n/a 69 
Volume of Intermediate Header 2 [cm3] n/a 69 
Volume of Intermediate Header 3 [cm3] n/a 40.25 
Volume of Outlet Header [cm3] n/a 40.25 
Total Internal Volume [cm3] 1224.74 546.26 
Header Inner Diameter [m] n/a 0.019 
Height of Inlet Header [m] n/a 0.243 
Height of Outlet Header [m] n/a 0.142 
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Table 2.4: Experimental data in both designs from Litch and Hrnjak (1999) for R717 
 
Data 
Point ṁref Tcri Pcri Tcai Tcao Vair Mref ∆Pref Qair Qref Tsat Tsuperheat Tsubcool 
 
 
[g/s] [°C] [kPa] [°C] [°C] [m/s] [g] [kPa] [kW] [kW] [°C] [°C] [°C] 
T
w
o
 
P
a
s
s
 
1 13.2 132.0 2253 32.7 45.0 4.64 115.1 11.0 17.98 17.76 54.0 78.0 15.5 
2 12.9 126.8 1935 29.2 41.2 4.41 90.2 11.0 17.29 16.99 48.1 78.7 5.8 
3 12.9 127.1 1940 29.5 41.4 4.41 82.1 12.2 17.04 17.01 48.2 78.9 4.4 
4 12.6 137.0 2185 34.3 46.1 4.40 87.8 11.2 16.75 16.62 52.8 84.2 5.3 
5 12.7 118.7 1925 30.0 41.3 4.64 85.7 12.7 16.03 16.23 47.9 70.8 1.4 
6 11.8 132.6 2119 34.6 45.1 4.63 88.7 10.4 15.52 15.18 51.6 81.0 0.7 
7 8.7 132.3 2281 31.9 47.3 2.38 117.3 7.9 11.26 11.62 54.5 77.8 14.8 
11 8.3 106.4 1763 32.7 33.6 4.64 90.8 6.7 10.34 10.48 44.6 61.8 2.4 
S
e
r
p
e
n
t
i
n
e
 
1 8.9 81.6 2158 29.2 37.0 5.00 225.6 12.1 11.13 10.72 52.3 29.3 13.2 
2 9.2 84.0 2033 28.2 36.8 4.60 170.4 14.9 11.40 11.05 50.0 34.0 8.5 
3 4.7 70.9 1594 23.7 29.4 3.40 272.2 2.9 5.67 5.83 40.9 30.0 12.0 
4 10.6 90.7 2258 30.4 39.4 5.00 161.8 17.1 12.98 12.72 54.1 36.6 9.0 
5 7.9 76.9 1855 24.3 33.9 3.40 175.9 9.2 9.57 9.53 46.5 30.4 8.6 
6 5.8 64.2 1721 23.1 33.4 2.20 186.1 6.1 6.66 6.88 43.7 20.5 7.5 
7 9.0 83.0 2147 29.7 38.2 4.40 190.1 12.6 10.74 10.70 52.1 30.9 10.6 
8 5.9 69.2 1890 24.5 35.4 2.10 223.3 5.8 6.83 6.99 47.2 22.0 10.6 
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Table 2.5: Measured and calculated geometric properties used for Jin and Hrnjak (2012) two pass 
condenser 
 
 
 
 
 
Item Units Two Pass 
Air Side Fin Heat Transfer Area [m2] 6.781 
Air Side MCT Heat Transfer Area [m2] 1.301 
Total Air Side Heat Transfer Area [m2] 8.082 
Total Refrigerant Heat Transfer Area [m2] 1.274 
Heat Transfer Area Ratio [-] 0.839 
MCT Refrigerant  Cross Sectional Area [cm2] 0.08984 
MCT Air Side Cross Section Area [cm2] 4.31 
Fin Cross Sectional Area [cm2] 61.28 
Free Flow Area [cm2] 2438 
Face Area [cm2] 3196 
Cross Sectional Area of Single Port [cm2] 0.007486 
Width of Heat Exchanger [m] 0.7239 
Height of Heat Exchanger [m] 0.4415 
Length of Bend [m] n/a 
Length of Tube from Header to MCT [m] n/a 
Perimeter of Single Port [m] 0.003055 
Absolute Roughness [m] 1.00E-06 
Number of MCT [-] 48 
Number of Passes [-] 2 
Number of Tubes in Pass 1 [-] 31 
Number of Tubes in Pass 2 [-] 17 
Number of Microchannel Ports [-] 12 
MCT Internal Volume [cm3] 312.2 
Volume of Inlet Tubes to Collect Charge [cm3] 72.87 
Volume of Outlet Tubes to Collect Charge [cm3] 20.47 
Volume of Inlet Header [cm3] 63.96 
Volume of Intermediate Header 2 [cm3] 63.96 
Volume of Intermediate Header 3 [cm3] 35.07 
Volume of Outlet Header [cm3] 35.07 
Total Internal Volume [cm3] 603.6 
Header Inner Diameter [m] 0.017 
Height of Inlet Header [m] 0.305 
Height of Outlet Header [m] 0.272 
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Table 2.6:  Experimental data from Jin and Hrnjak (2012) for two pass condenser with R134a and R123yf 
Ref. 
ṁref Tcri Tcro Pcri Pcro Tcai Tcao  air Mref ∆P Qair Qref Tsubcool 
[g/s] [°C] [°C] [kPa] [kPa] [°C] [°C] [m3/s] [g] [kPa] [kW] [kW] [°C] 
R134a 25.45 65.9 38.8 1376 1362 35.1 45.3 0.461 377.8 14 4.68 4.743 12.5 
R134a 25.45 65.1 40.1 1368 1351 35.0 45.1 0.459 384.9 17 4.611 4.69 10.9 
R134a 25.45 65.8 38.6 1423 1408 34.9 45.5 0.453 397.9 15 4.663 4.663 14.0 
R134a 30.34 59.1 48.2 1292 1262 34.9 44.7 0.459 231.6 30 4.929 4.705 0.1 
R1234yf 34.72 61.7 40.2 1380 1363 35.0 45.4 0.458 368.9 17 5.147 4.942 11.8 
R1234yf 35.04 61.2 40.1 1381 1363 35.1 44.7 0.457 373.6 18 5.176 4.715 11.9 
R1234yf 34.79 62.1 38.9 1454 1432 35.0 45.2 0.458 420.7 22 5.188 4.805 15.2 
R1234yf 38.64 54.5 45.3 1307 1268 35.0 44.8 0.462 238.6 39 5.117 4.702 3.6 
R1234yf 51.4 71.1 42.8 1503 1463 35.0 46.2 0.609 376.2 40 7.888 7.658 12.2 
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Figure 2.10: Charge data from Adams et. al (2003) for microchannel tube 
.  
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2.3 SINGLE-PHASE CORRELATIONS 
2.3.1 Air Side Heat Transfer Coefficients 
Different correlations were tested for the air side heat transfer for the serpentine 
design. The correlations were used to compare the capacity and amount of 
subcooling out of the condenser between model and experiment. Air side heat 
transfer correlations were selected based on how closely they matched the 
experimental capacity and subcooling. The correlation which best fit the most 
data points was selected.  Correlations from Chang and Li (2010), Park and Jacobi 
(2009), Dong and Chen (2007), Kim and Bullard (2002), Chang and Wang 
(1997), and Sunden and Svantesson (1992), were used in the model.  
Table 2.7: Different air side heat transfer correlations used to model Hoehne and 
Hrnjak (2004) serpentine condenser 
 
Exp 
Chang 
and Li 
(2010) 
Park 
and 
Jacobi 
(2009) 
Dong et. 
al. 
(2007) 
Kim 
and 
Bullard 
(2002) 
Chang 
and 
Wang 
(1997) 
Sunden 
and  
Svantes
son 
(1992) 
Su
bc
o
o
le
d 
Te
m
pe
ra
tu
re
 
[C
] 1.6 10.5 5.7 4.0 5.2 5.4 12.6 
1.4 10.6 5.8 5.6 5.5 5.6 12.0 
1.4 10.3 6.7 7.7 6.1 6.3 10.9 
1.7 13.0 8.2 6.9 8.0 8.0 15.0 
1.7 12.2 8.3 9.0 7.6 8.0 13.1 
1.9 11.5 8.9 9.8 8.5 8.5 11.9 
C
o
n
de
n
se
r 
C
a
pa
ci
ty
 
[k
W
] 1.22 1.23 1.19 1.17 1.18 1.18 1.25 
1.36 1.38 1.33 1.34 1.33 1.33 1.39 
1.37 1.37 1.34 1.35 1.33 1.33 1.38 
1.34 1.38 1.34 1.33 1.33 1.33 1.40 
1.39 1.43 1.39 1.39 1.39 1.39 1.43 
1.36 1.39 1.37 1.37 1.36 1.36 1.39 
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Table 2.7 shows a comparison of the different heat transfer correlations and their 
effect on subcooling and total heat transferred in the condenser. Table 2.7 shows 
that Park and Jacobi (2009), Dong and Chen (2007), Kim and Bullard (2002), 
Chang and Wang (1997) predict closest to the data set for this condenser.  
Table 2.8: Different air side heat transfer correlations used to model Litch and 
Hrnjak (1999) serpentine condenser 
 
Exp 
Chang 
and Li 
(2010) 
Park 
and 
Jacobi 
(2009) 
Dong 
et. al. 
(2007) 
Kim 
and 
Bullard 
(2002) 
Chang 
and 
Wang 
(1997) 
Sunden and  
Svantesson 
(1992) 
Su
bc
o
o
le
d 
Te
m
pe
ra
tu
re
 
[C
] 
13.2 22.6 19.8 14.6 19.1 18.6 22.7 
8.5 19.8 10.0 0.0 7.6 6.0 20.6 
12.0 16.9 16.1 12.3 15.9 15.7 17.1 
9.0 22.1 13.0 0.0 10.9 9.4 22.9 
8.6 17.9 7.7 0.0 5.4 3.6 19.7 
7.5 11.7 0.2 0.0 0.0 0.0 16.7 
10.6 20.7 13.2 0.0 11.3 10.1 21.4 
10.6 15.2 6.9 0.0 5.6 4.5 19.4 
H
ea
t T
ra
n
sf
er
re
d 
[k
W
] 10.93 10.66 10.54 10.31 10.50 10.48 10.66 
11.23 11.10 10.67 9.78 10.56 10.48 11.15 
5.75 5.72 5.69 5.61 5.69 5.69 5.72 
12.85 12.79 12.32 11.53 12.20 12.13 12.83 
9.55 9.49 9.09 7.94 9.00 8.93 9.55 
6.77 6.68 6.35 5.19 6.28 6.22 6.82 
10.72 10.74 10.41 9.64 10.34 10.28 10.78 
6.91 6.84 6.60 5.49 6.56 6.53 6.96 
 
Table 2.8 shows the comparison of the air side heat transfer coefficients for the 
serpentine design by Litch and Hrnjak (1999). The table shows that Park and 
Jacobi (2009), Kim and Bullard (2002), and Chang and Wang (1997) best predict 
the subcooling and the heat transferred in the serpentine design for the different 
data points.  
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Of these three correlations Park and Jacobi (2009) was selected for the model 
since it predicts this data set well. Furthermore, the correlation by Park and Jacobi 
(2009) was able to predict the data by Kim and Bullard (2002) and Chang and 
Wang (1997) more accurately than the correlation in those papers. For all models 
the air side correlation for heat transfer coefficient was set to be that of Park and 
Jacobi (2009). 
2.3.2 Refrigerant Side Single-Phase Heat Transfer Coefficient and Friction 
Factor 
For the single-phase regions (superheated and subcooled), the same correlations 
for heat transfer coefficient and pressure drop were used. For friction factor, the 
correlation by Churchill and Usagi (1972) was used and is described Equation 
(2.1). 
  = 8 ∗  8	
 + 1
37530	  + 2.457 ∗ ln  1 7	. + 0.27 ∗ 	ℎ!"
# 				(2.1)	
   
For heat transfer coefficient, the correlation by Dittus and Bolter (1930) was used 
and is shown in Equation (2.2). These equations for heat transfer coefficient and 
friction factor were selected since they are the most established in literature.  
'( = 0.023 ∗ 	.) ∗ *+.#    (2.2) 
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2.4 REFRIGERANT TWO-PHASE HEAT TRANSFER COEFFICIENT  
2.4.1 Refrigerant Two-Phase Heat Transfer Coefficient Correlations 
Three different heat transfer correlations were used for the two-phase region: 
Cavalini et. al. (2006) heat transfer correlation for small microchannel tubes in 
condensation, Dobson and Chato (1998) refrigerant flow regime map and heat 
transfer correlation, and El Hajal et al. (2003) refrigerant flow regime map with 
Thome et. al. (2003) heat transfer correlation.  
2.4.2 Refrigerant Two-Phase Heat Transfer Coefficient Correlations Compared 
to Experimental Data 
2.4.2.a Serpentine Condenser 
Table 2.9 and Fig. 2.11 show the comparison between the capacity from the 
experiment and the two-phase heat transfer coefficient correlation for the 
serpentine design by Hoehne and Hrnjak (2004). The comparison for this 
condenser shows that capacity is modeled to within 5 %. This data set was at 
higher mass fluxes that are within the recommended range of the correlations. Fig. 
2.12 shows the behavior of the correlations as the refrigerant transitions through 
the two-phase region. The figure shows the correlations do not behave the same 
way in the two-phase region.  
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Table 2.9: Refrigerant heat transfer correlations for condensation compared to 
experimental data for serpentine condenser from Hoehne and Hrnjak (2004) 
 
Experiment 
Thome 
et. al. 
(2003) 
Cavalini 
et. al. 
(2006) 
Dobson 
and 
Chato 
(1998) 
C
o
n
de
n
se
r 
C
a
pa
ci
ty
 
[k
W
] 1.22 1.17 1.18 1.18 
1.36 1.31 1.33 1.33 
1.37 1.32 1.33 1.34 
1.34 1.32 1.33 1.33 
1.39 1.38 1.39 1.39 
1.36 1.36 1.36 1.37 
 
 
 
Figure 2.11: Heat transfer coefficient correlations compared to experimental data 
for serpentine condenser from Hoehne and Hrnjak (2004) 
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Figure 2.12: Heat transfer coefficient correlations along circuiting length for data 
point A for serpentine condenser from Hoehne and Hrnjak (2004) 
Table 2.10 and Fig. 2.13 show the comparison between the capacities calculated 
using the two-phase heat transfer coefficient correlations compared to the 
experimental data by Litch and Hrnjak (1999). The comparison shows agreement 
within ± 10 % for the data set for all 3 correlations. Fig. 2.14 shows the different 
heat transfer coefficients along the circuiting length for Litch and Hrnjak (1999). 
Fig. 2.14 shows that the correlations are very different for all qualities.  
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Table 2.10: Refrigerant heat transfer coefficients compared to serpentine condenser 
data from Litch and Hrnjak (1999) 
 
Experiment 
Thome 
et. al. 
(2003) 
Cavalini 
et. al. 
(2006) 
Dobson and 
Chato 
(1998) 
C
o
n
de
n
se
r 
C
a
pa
ci
ty
 
[k
W
] 
10.93 10.47 10.52 10.54 
11.23 10.42 10.62 10.68 
5.75 5.677 5.689 5.697 
12.85 12.11 12.28 12.33 
9.55 8.84 9.034 9.102 
6.77 6.118 6.262 6.355 
10.72 10.23 10.37 10.42 
6.91 6.455 6.55 6.605 
 
 
Figure 2.13: Heat transfer coefficient correlations compared to serpentine 
condenser from Litch and Hrnjak (1999) 
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Figure 2.14: Heat transfer coefficient correlations along circuiting length for data 
point 1 for serpentine design by Litch and Hrnjak (1999) 
 
2.4.2.b Single Pass Condenser 
Fig. 2.15 shows the comparison between the capacity from the experiment and the 
two-phase heat transfer coefficient correlation for the one pass condenser with 
closed ports by Hoehne and Hrnjak (2004). The comparison for this condenser 
shows that capacity is modeled to within 15 %. This data set was at lower mass 
fluxes that are not within the recommended range of the correlations. Fig. 2.16 
shows the behavior of the correlations as the refrigerant transitions through the 
two-phase region. The figure shows the correlations do not behave the same way 
in the two-phase region.  
Fig. 2.17 shows the comparison between the capacity from the experiment and the 
two-phase heat transfer coefficient correlation for the one pass condenser with 
open ports by Hoehne and Hrnjak (2004). The comparison for this condenser 
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shows that capacity is modeled to within 10 %. This data set was at lower mass 
fluxes that are not within the recommended range of the correlations. Fig. 2.18 
shows the behavior of the correlations as the refrigerant transitions through the 
two-phase region. The figure shows the correlations do not behave the same way 
in the two-phase region.  
The one pass condenser comparisons show that for lower mass fluxes the 
correlation for heat transfer coefficient by Dobson and Chato (1998) best 
predicted the data. Therefore models with one pass or two pass condensers were 
modeled using Dobson and Chato (1998) correlation for heat transfer coefficient. 
  
Figure 2.15: Heat transfer coefficient correlations compared to experimental data 
for one pass condenser with closed ports from Hoehne and Hrnjak (2004) 
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Figure 2.16: Heat transfer coefficient correlations along circuiting length for one 
pass condenser with closed ports from Hoehne and Hrnjak (2004) 
 
 
Figure 2.17: Heat transfer coefficient correlations compared to experimental data 
for one pass condenser with open ports from Hoehne and Hrnjak (2004) 
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Figure 2.18: Heat transfer coefficient correlations along circuiting length for data 
point 1 for one pass condenser with open ports from Hoehne and Hrnjak (2004) 
 
Fig. 2.19 shows the refrigerant flow regime map by El Hajal et. al. (2003) for the 
single pass condensers and the serpentine condenser from Hoehne and Hrnjak 
(2004). The average mass flux of the data was marked on the regime flow map in 
red lines. For the serpentine design the flow has mass flux higher than 100 kg/m2-
s. For the one pass designs the mass flux was below 50 kg/m2-s. Fig. 2.19 shows 
the flow regime map by El Hajal et. al. (2003) for the serpentine condenser design 
by Litch and Hrnjak (1999). The comparisons in Fig. 2.10, 2.12, 2.14, and 2.16  
show that applying the correlations at  mass fluxes below 100 kg/m2-s reduces 
agreement between correlations. The regime flow maps show that at these low 
mass fluxes stratified or stratified wavy regime is expected. Fig. 2.21 show that as 
mass flux decreases the heat transfer coefficients calculated also decrease. The 
figures also show that the Thome et. al. (2003) correlation has the lowest heat 
transfer coefficient for smaller mass fluxes even though the correlation is made to 
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calculate the heat transfer coefficient at these low mass fluxes (stratified regime). 
The heat transfer coefficient in the two-phase region predicted by Thome et. al. 
(2003) is almost as low as the single-phase correlations for superheating. This 
would cause the capacity calculated using the Thome et. al. (2003) correlation to 
be much lower than the other two correlations even if it does account for the 
stratified regime. The Cavallini et. al. (2006) correlation for heat transfer 
coefficient in the two-phase region is meant to be used for mass fluxes that are 
higher than 100 kg/m2-s and annular flow regime; this is the reason it behaves so 
well for the high mass flux serpentine data from Hoehne and Hrnjak (2004). 
However when it is used below this threshold (100 kg/m2-s) or in stratified or 
wavy regimes, it does not compare as favorable as Dobson and Chato (1998) 
does. The Dobson and Chato (1998) heat transfer correlation was made for mass 
fluxes of 50 kg/m2-s or higher. For low mass fluxes, it assumes a wavy regime 
and calculates the heat transfer using this assumption. Note that although the flow 
regime maps show that intermittent flow is expected, this is not directly 
applicable to the microchannel tube because for smaller hydraulic diameters the 
effect of surface tension becomes important and the stratified and stratified wavy 
regimes disappear. More studies are needed to understand the effect of mass flux 
on the heat transfer coefficient, especially at low mass flux values encountered in 
microchannel heat exchangers.  
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Figure 2.19: Refrigerant El Hajal et. al. (2003) flow regime map for Hoehne and 
Hrnjak (2004) serpentine and single pass condensers 
 
Figure 2.20: Refrigerant El Hajal et. al. (2003) flow regime map for Litch and 
Hrnjak (1999) serpentine condenser 
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Figure 2.21: Effect of mass flux on heat transfer coefficient using various correlations: (a) serpentine from Litch and 
Hrnjak( 1999), (b) serpentine, (c) one pass condenser closed ports, (d) one pass condenser open ports from Hoehne and 
Hrnjak (2004) 
(b) 
(c) (d) 
R717 R290 
R290 R290 
(a) 
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2.5 REFRIGERANT TWO-PHASE PRESSURE DROP  
2.5.1 Refrigerant Two-Phase Pressure Drop Correlations 
Four different refrigerant two-phase pressure drop correlations were tested in the 
model. Müller-Steinhagen and Heck (1986), Souza and Mattos Pimenta (1995), 
Niño et. al. (2002), and Cavallini et. al. (2009) were tested. These were chosen 
since they are applicable to pressure drop during condensation. They were tested 
for the serpentine and single pass designs. Note that pressure drop in the header is 
not considered and only the effect of pressure drop in the microchannel tubes is 
shown for the single pass design in this chapter. The first section focuses on the 
serpentine design, while the second section focuses on single pass designs with 
open and closed ports, both from Hoehne and Hrnjak (2004). 
2.5.2 Refrigerant Pressure Drop Correlations Compared to Experimental Data 
2.5.2.a Serpentine Design 
Table 2.11 shows the comparison between the different pressure drop correlations 
discussed in Section 2.5.1 for R717 serpentine condenser data from Litch and 
Hrnjak (1999). The same data is shown in Fig. 2.22. The comparison for this heat 
exchanger shows that Cavallini et. al. (2009) and Müller-Steinhagen and Heck 
(1986) best predict the available data. Table 2.12 shows the same comparison 
shown in Table 2.11 using data for serpentine condenser from Hoehne and Hrnjak 
(2004). Fig. 2.23 shows the same data as Table 2.12. The comparison to the 
smaller heat exchanger shows that once more, Cavallini et. al. (2009) and Müller-
Steinhagen and Heck (1986) best predict the available data. Because the 
correlation by Cavallini et. al. (2009) was made specifically for microchannel 
tubes, it will be used as the two-phase pressure drop correlation for serpentine 
condensers. 
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Table 2.11: Pressure Drop correlations compared to serpentine condenser 
experimental data from Litch and Hrnjak (1999) for R717 
 
Experiment 
Müller-
Steinhagen 
and Heck 
(1986) 
Niño et. 
al. 
(2002) 
Cavallini 
et. al. 
(2009) 
Souza 
and 
Mattos 
Pimenta 
(1995) 
Pr
es
su
re
 
D
ro
p 
[k
Pa
] 
12.1 7.71 7.7 8.6 7.7 
14.9 10.1 10.3 11.3 10.2 
2.9 3.2 2.7 3.6 2.7 
17.1 11.2 11.8 12.5 11.1 
9.2 8.6 8.5 9.8 7.6 
6.1 5.6 5.1 6.3 4.1 
12.6 8.9 9.0 9.9 8.9 
5.8 5.0 4.6 5.6 3.5 
 
Table 2.12: Pressure drop correlations compared to serpentine condenser 
experimental data from Hoehne and Hrnjak (2004) for R290 
 
Experimen
t 
Muller-
Steinhagen 
and Heck 
(1986) 
Niño et. 
al. 
(2002) 
Cavallini 
et. al. 
(2009) 
Souza 
and 
Mattos 
Piment
a (1995) 
Pr
es
su
re
 
D
ro
p 
[k
Pa
] 26.3 27.8 24.0 26.1 21.8 
35.9 33.3 28.8 31.3 25.0 
36.6 32.6 28.5 31.0 25.1 
39.9 36.6 31.7 35.5 29.2 
43.7 38.7 33.6 38.1 31.6 
40.1 36.5 31.4 36.2 31.0 
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Figure 2.22: Pressure drop correlations compared to R717 serpentine condenser 
data from Litch and Hrnjak (1999) 
 
 
Figure 2.23: Pressure drop correlations compared to R290 serpentine condenser 
data from Hoehne and Hrnjak (2004) 
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2.5.2.b Single Pass Design 
This section shows the results of looking at the microchannel tubes only for both 
single pass condensers from Hoehne and Hrnjak (2004). Table 2.13 shows the 
comparison using the previous pressure drop correlations for the single pass open 
port condenser. Table 2.14 shows the one pass condenser with closed ports. The 
tables show that the pressure drop due to the microchannel tubes is small. The 
reason pressure drop is expected to be low is due to the low mass fluxes in the 
data set. The total mass flow rate was around 3 g/s which was divided equally into 
23 microchannel tubes. This is a very low mass flow rate into each individual tube 
causing the velocity of the refrigerant to be low and thus resulting in very small 
pressure drop. Only the correlation by Niño et. al. (2002) over predicts the results. 
Part of the error is due to the effect of hydraulic diameter on the Weber number. 
The Weber number is used to calculate the two-phase multiplier. The two-phase 
multiplier is then used to calculate the two-phase pressure drop in Niño et. al. 
(2002). The rest of the pressure drop error is assumed to be due to headers.  
 
Therefore, one way to predict pressure drop in headers is to create a pressure drop 
correlation for the outlet header to reduce the error between model and 
experiment. Because the inlet header is assumed to be full of vapor, the pressure 
drop can be calculated fairly accurately using a single-phase friction factor. For 
the serpentine condenser with R290 the data showed good agreement with the 
pressure drop prediction. Therefore the prediction of pressure drop in the 
microchannel tubes is assumed to be accurate. That leaves the error in the outlet 
header of the microchannel tube.  
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Table 2.13: Pressure drop prediction comparison for one pass open port condenser 
from Hoehne and Hrnjak (2004) 
 
Experiment 
Müller-
Steinhagen 
and Heck 
(1986) 
Souza 
and 
Mattos 
Pimenta 
(1995) 
Niño 
et. al. 
(2002) 
Cavallini 
et. al. 
(2009) 
Pr
es
su
re
 
D
ro
p 
[k
Pa
] 
1.41 0.04 0.13 6.65 0.03 
1.40 0.05 0.14 7.98 0.04 
0.96 0.05 0.16 7.94 0.04 
1.82 0.05 0.18 7.92 0.05 
2.03 0.05 0.18 7.21 0.05 
2.44 0.06 0.21 7.22 0.05 
 
Table 2.14: Pressure drop prediction comparison for closed port condenser from 
Hoehne and Hrnjak (2004) 
 
Experiment 
Müller-
Steinhagen 
and Heck 
(1986) 
Souza 
and 
Mattos 
Pimenta 
(1995) 
Niño 
et. al. 
(2002) 
Cavallini 
et. al. 
(2009) 
Pr
es
su
re
 
D
ro
p 
[k
Pa
] 
3.65 0.11 0.26 31.64 0.09 
2.63 0.13 0.30 39.77 0.12 
0.75 0.13 0.32 38.27 0.12 
1.98 0.14 0.36 39.13 0.13 
2.83 0.15 0.40 39.76 0.14 
2.48 0.15 0.43 36.40 0.14 
 
The two-phase refrigerant pressure drop correlation by Cavallini et. al. (2009) is 
used for all model designs for the microchannel tube refrigerant two-phase 
pressure drop. Cavallini et. al. (2009) fit the data set the best. Also the correlation 
is specific for smaller channels compared to Müller-Steinhagen and Heck (1986) 
and Souza and Mattos Pimenta (1995), which are applicable to larger 
channels/tubes. 
 
41 
 
2.6 REFRIGERANT CHARGE 
Void fraction is used in the two-phase region to calculate the charge in the 
element. One issue with void fraction is that some correlations are outside the 
physical bounds encountered in horizontal microchannel tube. Several void 
fraction correlations are shown in Fig. 2.24 for the first data point in the 
serpentine design in Hoehne and Hrnjak (2004). The figure shows that some of 
the void fraction correlations are not continuous, while some behave in ways that 
are not physically accurate. One of these physically inaccurate correlations is 
Niño et. al. (2002). The correlation in the figure shows that the velocity of the 
vapor is lower than that of the liquid. This scenario is not generally seen in fluid 
flow using horizontal microchannel tubes.  
 
Figure 2.24: Several void fraction correlations as a function of quality 
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2.6.1 Serpentine Condenser 
A wide range of void fraction correlations where tested in the model and 
compared to experimental data. Some correlations where made for tubes larger 
than microchannel tubes but are included to show their possible extension to 
microchannel tubes. The following correlations were tested: Homogeneous, Zivi 
(1964), Graham et. al. (1999), Niño et. al. (2002), Graham et. al. (1997), 
Butterworth (1974), Shedd (2010), Armand (1946), and Steiner (1993). Table 
2.15 shows charge predictions using these correlations compared to the 
experimental data from Litch and Hrnjak (1999). The same information is shown 
in Fig. 2.25, and it shows that Zivi (1964), Steiner (1993), and Graham et. al. 
(1997) best predicted this data set.  
 
Figure 2.25: Charge calculated using different void fraction correlations compared 
to experimental charge from Litch and Hrnjak (1999) 
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Table 2.15: Charge data calculated using different void fraction correlations compared to experimental charge for serpentine condenser 
from Litch and Hrnjak (1999) 
 
Experiment Homogeneous Armand (1946) 
Zivi 
(1964) 
Butterworth 
(1974) 
Steiner 
(1993) 
Graham 
et. al. 
(1997) 
Graham et. 
al. (1999) 
Nino 
et. al. 
(2002) 
Shedd 
(2010) 
C
h
a
r
g
e
 
[
g
]
 
225.6 188.1 223.4 232.4 209.1 232.0 241.8 217.5 207.4 198.6 
170.4 102.8 144.5 154.4 128.3 153.2 164.8 137.0 127.6 114.8 
272.2 206.2 242.8 248.9 230.7 261.4 280.0 246.1 244.7 219.2 
161.8 122.7 161.7 172.3 145.2 168.5 176.4 152.4 140.1 133.5 
175.9 85.6 129.8 138.9 113.9 141.1 155.7 124.5 117.8 98.6 
186.1 53.7 101.8 109.3 86.3 120.1 142.5 102.0 99.8 69.7 
190.1 123.5 163.5 173.6 147.4 172.9 183.7 156.6 145.4 135.2 
223.3 87.4 132.0 141.3 115.7 150.9 170.8 132.1 123.5 102.5 
 
Average 
Error -40.4 -19.2 -14.5 -27.1 -13.0 -5.8 -21.4 -25.5 -33.9 
 RMS Error 86.9 49.8 43.6 62.5 38.1 26.6 51.4 57.2 74.6 
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Table 2.16: Charge data calculated using different void fraction correlations compared to experimental charge for serpentine condenser 
from Hoehne and Hrnjak (2004) 
 
Experiment Homogeneous Armand (1946) 
Zivi 
(1964) 
Butterworth 
(1974) 
Steiner 
(1993) 
Graham 
et. al. 
(1997) 
Graham 
et. al. 
(1999) 
Nino et. 
al. 
(2002) 
Shedd 
(2010) 
C
h
a
r
g
e
 
[
g
]
 
24.2 16.1 18.0 18.8 16.2 18.1 16.0 16.1 14.3 16.7 
23.5 16.3 18.1 19.0 16.4 18.3 16.0 16.3 14.6 16.8 
23.8 17.0 18.8 19.7 17.2 19.0 16.8 17.1 15.5 17.5 
22.9 16.6 18.6 19.4 17.1 18.7 16.7 16.9 15.6 17.1 
22.0 17.0 19.0 19.8 17.5 19.0 17.0 17.3 16.1 17.5 
23.8 18.0 19.9 20.8 18.5 19.5 18.1 18.4 17.2 18.5 
 
Average 
Error -28.0 -19.9 -16.1 -26.7 -19.4 -28.3 -27.2 -33.4 -25.8 
 RMS Error 5.8 4.1 3.4 5.5 4.0 5.8 5.6 6.9 5.3 
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The same correlation where used for the serpentine condenser from Hoehne and 
Hrnjak (2004). This comparison is shown in Table 2.16 and Fig. 2.26. 
 
Figure 2.26: Charge data calculated using different void fraction correlations 
compared to experimental charge for serpentine condenser from Hoehne and 
Hrnjak (2004) 
The comparison shows that the charge in the different condensers is best predicted 
by the correlations by Armand (1946), Zivi (1964), and Steiner (1993). Graham 
et. al. (1997) was also a good predictor for the R717 data.  Final void fraction 
correlation selection is discussed at the end of this section. 
2.6.2 Single Tube 
Fig. 2.27 shows the comparison of the charge in the tube from Adams et. al. 
(2003) using the different void fractions. This same data is shown in Table 2.17. 
The comparison shows that Steiner (1993), Graham et. al. (1997), and Niño et. al. 
(2002) best predicted the data set.  
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Figure 2.27: Charge prediction of single MCT with data from Adams et. al. (2003) 
for R717 
 
Steiner et al (2003) and Graham et. al. (1997) were able to predict all data sets 
well. The correlations are shown in Equation (2.3) to (2.5). Fig. 2.28 shows these 
void fraction correlations at varying mass fluxes. The figure shows that Graham 
et. al. (1997) has higher sensitivity to mass flux and best accounts for varying 
mass flux. This correlation can be used with confidence in mass flux studies. It 
can be used to accurately predict the effect of mass flux on charge in the 
microchannel tubes.  
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Table 2.17: Charge data calculated using different void fraction correlations compared to experimental charge for MCT 
from Adams et. al. (2003) 
 
Experiment Homogeneous Armand (1946) 
Zivi 
(1964) 
Butterworth 
(1974) 
Steiner 
(1993) 
Graham 
et. al. 
(1997) 
Graham 
et. al. 
(1999) 
Nino 
et. al. 
(2002) 
Shedd 
(2010) 
C
h
a
r
g
e
 
[
g
]
 
5.0 9.7 9.7 9.7 9.7 9.7 9.7 9.7 8.5 9.7 
3.0 1.1 2.4 3.0 2.1 2.5 2.3 2.2 2.2 1.1 
2.9 0.7 1.8 1.9 1.5 1.8 1.6 1.5 1.8 1.3 
2.2 0.4 1.4 1.1 1.1 1.3 1.2 1.0 1.5 0.7 
2.0 0.3 1.1 0.7 0.8 1.0 0.9 0.7 1.3 0.4 
2.2 0.3 0.9 0.6 0.7 0.8 0.8 0.6 1.1 0.4 
1.9 0.3 0.8 0.5 0.6 0.7 0.7 0.5 1.0 0.3 
1.8 0.2 0.6 0.4 0.5 0.6 0.6 0.4 0.9 0.3 
1.6 0.2 0.5 0.3 0.4 0.4 0.5 0.3 0.8 0.2 
0.0 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 
 
Average 
Error -37.4 -45.0 -40.0 -61.8 -35.9 -33.2 -41.2 -27.9 -56.5 
 
RMS Error 1.8 1.9 1.9 2.2 1.8 1.8 1.8 1.3 2.1 
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,-./0/1	23./4.(5) =
61 − exp	[−1 − 0.3 ln(<=) − 0.0328(ln(<=))], <= > 0.010320, <= ≤ 0.01032   
   (2.3) 
<= = B CD-EFGEHI(JC)K ⁄     (2.4) 
,M32NO2.	(#) = CFG BP1 + 0.12(1 − Q)R  CFG + JCFS  + .)(JC)T[HU(FSJFG)]VW X⁄-FSW E⁄ KJ
 (2.5) 
 
Figure 2.28: Mass flux effects on void fraction for various correlations 
 
 
49 
 
Furthermore serpentine charge comparison data shows that Graham et. al (1997) 
can predict the charge in the data set within acceptable limits as shown in Fig. 
2.29 and 2.30 for both serpentine data sets. Although Zivi (1964) is based on 
second law analysis with annular flow assumption and is more applicable to a 
wide range of refrigerants, it does not take into account the effect of mass flux. 
For this reason in the analyses that are described in Chapter 4 and 5, Zivi (1964) 
was used because effects of mass flux were not considered-only pressure drop 
was. For Chapters 6 and 7 the effects of mass flux are studied, and therefore the 
correlation by Graham et. al. (1997) is used. For modeling the total charge, 
Graham et. al. (1997) is recommended.  
 
Figure 2.29: Serpentine charge data from Litch and Hrnjak (1999) compared to 
relevant void fraction correlations 
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Figure 2.30: Serpentine charge data from Hoehne and Hrnjak (2004) compared to 
relevant void fraction correlations 
 
2.6.3 Single Pass Condensers 
Table 2.18 shows the charge calculated using void fraction correlations from 
Armand (1946), Zivi (1964), Steiner (1993), and Graham et. al. (1997) compared 
to the experimental values for one pass condenser with open ports from Hoehne 
and Hrnjak (2004). Table 2.19 shows this same comparison as Table 2.18 but for 
the one pass condenser with closed ports. Even using Graham et. al. (1997) or 
Zivi (1964), which predict the serpentine data within acceptable limits, the 
comparison shows that there is large amount of charge that is not accounted for in 
single pass condensers. The main reason is the headers. In the comparison, only 
microchannel tube charge was calculated, and the effects of the headers were 
neglected. The tables show that this effect on charge is significant. It is studied in 
Chapter 8.  
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Table 2.18: Charge calculated using several void fraction correlations for one pass 
condenser with open ports from Hoehne and Hrnjak (2004) 
 
Experiment Armand (1946) 
Zivi 
(1964) 
Steiner 
(1993) 
Graham et. al. 
(1997) 
Ch
ar
ge
 
[g
] 
30.6 9.6 10.3 13.9 12.7 
31.1 9.9 10.6 13.8 12.7 
31.0 8.5 9.3 12.7 11.6 
31.1 9.7 10.5 13.9 12.8 
29.5 11.1 11.8 15.0 14.1 
29.9 8.8 9.6 13.1 12.1 
 
Table 2.19: Charge calculated using several void fraction correlations for one pass 
condenser with closed ports from Hoehne and Hrnjak (2004) 
 
Experiment Armand (1946) 
Zivi 
(1964) 
Steiner 
(1993) 
Graham et. al. 
(1997) 
Ch
ar
ge
 
[g
] 
23.2 4.1 4.4 5.5 5.1 
23.1 3.8 4.1 5.0 4.7 
22.8 3.6 3.9 4.8 4.6 
23.0 4.0 4.4 5.4 5.0 
22.7 3.7 4.1 5.0 4.7 
22.6 3.5 3.7 4.8 4.6 
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2.7 NOMENCLATURE 
∆P pressure drop (kPa) 
 Dh  MCT hydraulic diameter      (m) 
e   roughness       (m) 
G  refrigerant mass flux                              (kg/m2-s) 
MCT  microchannel tubes      (-) 
Mref  refrigerant mass      (g) 
ṁref  refrigerant mass flow rate     (g/s) 
Nu  nusselt number      (-) 
Pcri  condenser refrigerant inlet pressure    (kPa) 
Pcro   condenser refrigerant outlet pressure    (kPa) 
Pr  prandtl number      (-) 
Re  reynold number      (-) 
RHci  relative humidity      (-) 
Qair  condenser measured air side capacity    (kW) 
Qref  condenser measured refrigerant side capacity  (kW) 
Tcai  condenser air inlet temperature    (°C) 
Tcao  condenser air outlet temperature    (°C) 
Tcri  condenser refrigerant inlet temperature   (°C) 
Tcro  condenser refrigerant outlet temperature   (°C) 
Tsat  saturation temperature      (°C) 
Tsubcool  condenser subcooled temperature    (°C) 
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Tsuperheat  superheat temperature      (°C) 
Vair   face velocity on air side     (m/s) Y	 air  volumetric air flow rate     (m3/s) 
x   quality        (-) 
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CHAPTER 3: MODELING SERPENTINE EVAPORATOR 
3.1 MODELING PROCEDURE 
The modeling structure of the evaporator was similar to that of the condenser 
model. The model is of a microchannel tube and assumes uniform air velocity and 
inlet properties. The model is a finite element model that uses the outputs from 
the current element as the inputs into the next element. The effectiveness-NTU 
method is used to calculate the heat transfer between the air and refrigerant. To 
calculate the heat transferred, different correlations were needed both air side and 
refrigerant side. Since the air side heat transfer coefficient is not a function of 
whether the refrigerant is condensing or evaporating, then the same air heat 
transfer coefficient can be used for condensers and evaporators with louver fins. 
The air side heat transfer coefficient used was by Park and Jacobi (2009) (see 
Chapter 2 for more details on this selection). On the refrigerant side, the 
correlation by Kondo and Hrnjak (2011) was not used since it is only applicable 
to condensation. The single-phase heat transfer coefficient correlations (Dittus 
and Bolter, 1930) and friction factor correlation (Churchill and Usagi, 1979) that 
were applied to the condenser model were also applied to the evaporator model. 
All calculations for the correlations were performed using Engineering Equation 
Solver (F-Chart, 2011). 
3.2 EXPERIMENTAL DATA- WHOLE EVAPORATORS 
Data from Traeger and Hrnjak (2005) was used to validate the serpentine 
evaporator model. Fig. 3.1 shows the serpentine evaporator with one fin height. 
Fig. 3.2 shows the serpentine evaporator with two fin heights. Geometric 
parameters not shown in the figures are listed in Table 3.1. Table 3.2 shows the 
experimental data available for both evaporators; note that the evaporators are 
named as “one fin”, shown in Fig, 3.1 and “two fin” for the design shown in Fig. 
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3.2. These names refer to the number fin rows between microchannel tube passes. 
Other geometric parameters are shown in Fig. 3.3 and 3.4 for both evaporators. 
Table 3.1: Geometric properties for serpentine evaporators from Traeger and 
Hrnjak (2005) 
Item Unit One Fin Two Fin 
Air Side Fin Heat Transfer Area [m2] 0.869 0.978 
Air Side MCT Heat Transfer Area [m2] 0.175 0.102 
Total Air Side Heat Transfer Area [m2] 1.044 1.080 
Total Refrigerant Heat Transfer Area [m2] 0.250 0.149 
Heat Transfer Area Ratio [-] 0.833 0.906 
MCT Refrigerant Cross Sectional Area [cm2] 20.27 20.27 
MCT Air Side Cross Section Area [cm2] 63.98 38.14 
Fin Cross Sectional Area [cm2] 16.76 18.87 
Free Flow Area [cm2] 247.2 284.8 
Face Area [cm2] 327.8 341.8 
Cross Sectional Area of Single Port [cm2] 0.0119 0.0119 
Width of Heat Exchanger [m] 0.112 0.112 
Height of Heat Exchanger [m] 0.292 0.307 
Length of Bend [m] 0.023 0.039 
Length of Tube from Header to MCT [m] 0.1397 0.1525 
Perimeter of Single Port [m] 0.00437 0.00437 
Absolute Roughness [m] 1.00E-06 1.00E-06 
Number of MCT [-] 2 2 
Number of passes [-] 15 9 
Number of Microchannel ports [-] 17 17 
MCT Internal Volume [cm3] 87.06 59.52 
Volume of Inlet Tubes to Collect Charge [cm3] 6.59 6.59 
Volume of Outlet Tubes to Collect Charge [cm3] 12.63 12.63 
Volume of Inlet header [cm3] 3.90 3.90 
Volume of Outlet Header [cm3] 3.90 3.90 
Total Internal Volume [cm3] 114.08 86.54 
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Table 3.2: Data from experiment for serpentine evaporators from Traeger and Hrnjak (2005) 
  
ṁref Teri Tero Peri Pero xeri Teai Teao  air RHei Mref ∆P Qref Tsuperheat 
 
Data 
Point 
[g/s] [°C] [°C] [kPa] [kPa] [-] [°C] [°C] [m3/s] [-] [g] [kPa] [kW] [°C] 
O
n
e
 
f
i
n
 
U 4.14 8.9 7.1 620.3 585.8 0.23 26.7 12.9 0.067 0.22 10.85 34.6 1.17 0.0 
I 4.23 7.8 7.0 602.6 566.0 0.20 26.4 12.3 0.068 0.26 8.98 36.6 1.26 1.1 
AB 3.58 5.6 4.5 563.7 535.5 0.26 20.4 10.0 0.068 0.43 10.81 28.2 0.99 0.5 
K 3.33 0.3 -1.3 484.2 457.9 0.19 14.9 4.8 0.068 0.41 8.96 26.3 1.01 -0.1 
T
w
o
 
F
i
n
 U 4.16 8.4 9.0 613.0 592.2 0.23 27.6 13.7 0.068 0.24 10.95 20.9 1.17 1.6 
I 4.25 7.2 7.7 590.3 568.3 0.19 27.7 12.9 0.068 0.20 7.48 22.0 1.27 1.7 
AB 3.66 5.5 5.4 562.6 545.2 0.26 21.4 9.9 0.068 0.23 8.96 17.4 1.00 0.8 
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Figure 3.1: Single fin serpentine design evaporator from Hrnjak and Traeger (2005) 
Figure 3.2: Double fin serpentine design evaporator from Hrnjak and Traeger 
(2005) 
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Figure 3.3: Serpentine evaporator from Traeger and Hrnjak (2005), "One Fin" 
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Figure 3.4: Serpentine evaporator from Traeger and Hrnjak (2005), "Two Fin" 
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3.3 REFRIGERANT HEAT TRANSFER COEFFICIENT 
Correlations for evaporation heat transfer in the two-phase region were tested in 
the model. These correlations were selected since they apply to evaporation heat 
transfer, which has different physical phenomenon than those seen in heat transfer 
during condensation, discussed in Chapter 2. The following correlations were 
used in the model: Chen (1966), Gungor and Winterton (1986), Lee and Mudawar 
(2005), Liu and Garimella (2007), Pamitran et. al. (2009), and Lee at. al. (2010). 
 
Table 3.3 shows the comparison between various heat transfer coefficient 
correlations and experimental data for heat transferred in the “one fin” evaporator. 
The comparison shows that Lee and Mudawar (2005) and Pamitran et. al. (2009) 
predict closest to this data set. Fig. 3.5 shows this comparison in graphic form; it 
shows that only the correlation from Liu and Garimella (2007), is outside the ± 20 
% error from experiment.  
 
Table 3.3: Various heat transfer coefficients for evaporation compared to data for 
serpentine “one fin” evaporator from Traeger and Hrnjak (2005) 
 
Experiment Chen (1966) 
Gungor 
and  
Winterton 
(1986) 
Lee and 
Mudawar 
(2005) 
Liu and  
Garimella 
(2007) 
Pamitran 
et. al. 
(2009) 
Lee at. al. 
(2010) 
H
ea
t 
Tr
an
sf
er
re
d 
[k
W
] 1.17 1.00 0.99 1.01 0.89 1.02 0.99 1.26 1.06 1.04 1.06 0.94 1.07 1.04 
0.99 0.85 0.84 0.85 0.73 0.86 0.83 
1.01 0.83 0.82 0.84 0.73 0.85 0.82 
 
Average 
Error 
-25.76 -16.44 -15.52 -14.17 -15.28 -16.74 
 RMS Error 0.51 0.33 0.32 0.29 0.31 0.34 
 
63 
 
 
Figure 3.5: Various heat transfer coefficients for evaporation compared to data for 
serpentine “one fin” evaporator from Traeger and Hrnjak (2005), most correlations 
are within 20 % error 
 
Table 3.4: Various heat transfer coefficients for evaporation compared to data for 
serpentine "two fin" evaporator from Traeger and Hrnjak (2005) 
 
Experiment 
Liu and  
Garimella 
(2007) 
Gungor 
and  
Winterton 
(1986) 
Chen 
(1966) 
Pamitran 
et. al. 
(2009) 
Lee and 
Mudawar 
(2005) 
Lee et. 
al. 
(2010) 
H
ea
t 
Tr
an
sf
er
re
d 
[k
W
] 
1.17 0.85 1.00 1.02 1.05 0.99 1.02 
1.27 0.93 1.08 1.09 1.13 1.07 1.10 
1.00 0.70 0.84 0.85 0.87 0.82 0.85 
 
Average 
Error 
-28.08 -15.37 -13.99 -11.44 -16.24 -13.89 
 RMS Error 0.32 0.18 0.16 0.13 0.19 0.16 
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Figure 3.6: Various heat transfer coefficients for evaporation compared to data for 
serpentine "two fin" evaporator from Traeger and Hrnjak (2005), most correlations 
were within 15 % error 
Table 3.4 shows the same comparison using the “two fin” evaporator. Fig 3.6 
shows this comparison in graphical form. The comparison shows once again that 
most correlations were within a 15% error from experiment with the exception of 
the correlation by Liu and Garimella (2007).  Comparisons for both evaporators 
show that Pamitran et. al. (2009) best predicted the serpentine evaporator data. 
Therefore for the serpentine evaporator, Pamitran et. al. (2009) correlation for 
refrigerant two-phase heat transfer coefficient was used. 
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3.4 REFRIGERANT PRESSURE DROP  
Since the physics of evaporation is different than that of condensation, different 
correlations were needed for two-phase refrigerant pressure drop. Some of these 
correlations take into account pressure drop due to pool boiling and friction. The 
following correlations for two-phase pressure drop were tested: Friedel (1979), 
Müller-Steinhagen and Heck (1986), Souza and Mattos Pimento (1995), Mishima 
and Hibiki (1996), Zhang and Webb (2001), Niño et. al (2002), Lee and Mudawar 
(2005),  and English and Kandlikar (2006). Fig. 3.7 shows the comparison of 
these correlations to the “one fin” evaporator data; the data is also shown in Table 
3.5. The comparison shows that Souza and Mattos Pimento (1995) and English 
and Kandlikar (2006) best predict the pressure drop in the “one fin” evaporator. 
Table 3.6 shows the data for the comparison of all the pressure drop correlations 
to the experimental pressure drop for the “two fin” evaporator. The same data is 
shown in Fig. 3.8 in graphical form. Again, the data shows that Souza and Mattos 
Pimento (1995) and English and Kandlikar (2006) best predict the pressure drop 
in the evaporator.  
Both comparisons show that Souza and Mattos Pimento (1995) and English and 
Kandlikar (2006) best predict the data set. Error was the lowest using Souza and 
Mattos Pimento (1995) correlation for both evaporators. Therefore, Souza and 
Mattos Pimento (1995) was used for two-phase pressure drop in the serpentine 
evaporator model. 
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Figure 3.7:  Experiment pressure drop compared to various pressure drop 
correlations for "one fin" evaporator; most correlations were outside 35 % error 
 
 
Figure 3.8: Experiment pressure drop compared to various pressure drop 
correlations for "two fin" evaporator; most correlations were outside 35 % err
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Table 3.5: Experiment pressure drop compared to various pressure drop correlations for "one fin" evaporator 
 
Experiment Friedel (1979) 
Müller-
Steinhagen 
and  Heck 
(1986) 
Souza 
and 
Mattos 
Pimento 
(1995) 
Mishima 
and  
Hibiki 
(1996) 
Zhang 
and 
Webb 
(2001) 
Niño 
et. al 
(2002) 
Lee and 
Mudawar 
(2005) 
English 
and 
Kandlikar 
(2006) 
P
r
e
s
s
u
r
e
 
D
r
o
p
 
[
k
P
a
]
 
34.6 21.9 18.6 24.3 15.3 20.0 16.6 21.9 22.8 
36.6 22.5 19.1 24.8 15.8 20.6 17.1 22.8 21.9 
28.2 19.0 16.1 24.7 13.4 17.4 13.9 17.4 20.7 
26.3 17.9 15.1 26.0 12.8 16.4 12.8 15.6 16.6 
 Average Error -34.91 -44.87 -18.94 -54.18 -40.50 -51.84 -38.39 -34.51 
 RMS Error 11.34 14.44 8.05 17.38 13.07 16.51 12.08 11.26 
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Table 3.6: Experiment pressure drop compared to various pressure drop correlations for "two fin" evaporator 
 
 
Experiment Friedel (1979) 
Müller-
Steinhagen 
and  Heck 
(1986) 
Souza 
and 
Mattos 
Pimento 
(1995) 
Mishima 
and  
Hibiki 
(1996) 
Zhang 
and 
Webb 
(2001) 
Niño et. 
al 
(2002) 
Lee and 
Mudawar 
(2005) 
English 
and 
Kandlikar 
(2006) 
P
r
e
s
s
u
r
e
 
D
r
o
p
 
[
k
P
a
]
 
20.9 13.6 11.4 15.1 9.6 12.4 10.5 13.6 15.4 
22.0 14.2 11.9 15.7 10.0 12.9 11.0 14.2 15.3 
17.4 11.9 10.0 15.1 8.4 10.9 8.9 11.0 12.8 
 Average Error -33.81 -44.67 -23.05 -53.49 -39.82 -49.64 -35.68 -27.63 
 RMS Error 6.89 9.07 5.08 10.85 8.10 10.03 7.18 5.64 
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3.5 REFRIGERANT CHARGE  
In Chapter 2, the importance of the void fraction correlation for accurate charge 
prediction was discussed. This section applies the correlations studied in Chapter 
2 for evaporation instead of condensation. The void fraction correlations used 
were Homogeneous, Zivi (1964), Graham et. al. (1999), Niño et. al. (2002), 
Graham et. al. (1997), Butterworth (1974), Shedd (2010), Armand (1946), and 
Steiner (1993). Table 3.7 shows the comparison using these correlations to the 
“one fin” evaporator charge data. Fig 3.10 shows these same results in a graphical 
form. The data shows that for the “one fin” evaporator Armand (1946), Steiner 
(1993), and Niño et. al. (2002) best predict the total charge.  
Fig. 3.11 shows this same comparison for the “two fin” evaporator charge data. 
The data is shown in Table 3.8. This data set shows that Armand (1946), Graham 
et. al. (1997), and Niño et. al. (2002) best predict the total charge in this 
Figure 3.9: Charge distribution along serpentine evaporator with R290 from 
Traeger and Hrnjak (2005) shown in Fig. 3   
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evaporator. Of these two correlations Niño et. al. (2002) has the best charge 
prediction. Therefore it is recommended to use Niño et. al. (2002) void fraction 
correlation to predict charge in the serpentine evaporator. 
 
Figure 3.10: Various void fraction correlations and their charge prediction 
compared to experimental charge for the "one fin" serpentine evaporator; most 
correlations are outside 30 % error 
71 
 
 
Figure 3.11: Various void fraction correlations and their charge prediction 
compared to experimental charge for the "two fin" serpentine evaporator; most 
correlations are outside 40 % error 
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Table 3.7: Various void fraction correlations and their charge prediction compared to experimental data for the "one fin" 
serpentine evaporator 
 
Experiment Homogeneous Armand (1946) 
Zivi 
(1964) 
Butterworth 
(1974) 
Steiner 
(1993) 
Graham 
et. al. 
(1997) 
Graham 
et. al. 
(1999) 
Nino 
et. al. 
(2002) 
Shedd 
(2010) 
C
h
a
r
g
e
 
[
g
]
 10.85 3.05 6.73 6.11 5.83 6.35 5.92 5.26 7.12 4.46 
8.98 3.18 7.08 6.58 6.11 6.69 6.11 5.57 7.41 4.89 
10.81 2.64 6.24 5.36 5.36 5.88 5.70 4.79 7.03 3.87 
8.96 2.62 6.72 5.88 5.71 6.37 6.07 5.18 7.80 4.36 
 
Average 
Error 
-70.70 -31.61 -38.80 -41.23 -35.38 -39.23 -46.85 -24.97 -55.00 
 RMS Error 7.10 3.41 4.11 4.29 3.76 4.09 4.83 2.83 5.63 
 
 
 
 
73 
 
 
 
 
Table 3.8: Various void fraction correlations and their charge prediction compared to experimental data for the "two fin" 
serpentine evaporator 
 
Experiment Homogeneous Armand (1946) 
Zivi 
(1964) 
Butterworth 
(1974) 
Steiner 
(1993) 
Graham 
et. al. 
(1997) 
Graham 
et. al. 
(1999) 
Nino 
et. al. 
(2002) 
Shedd 
(2010) 
C
h
a
r
g
e
 
[
g
]
 10.95 2.26 4.88 4.48 4.27 4.61 5.59 3.85 5.19 3.31 
7.48 2.36 5.11 4.84 4.46 4.85 4.48 4.08 5.38 3.66 
8.96 2.00 4.65 4.03 4.02 4.38 4.26 3.59 5.24 2.92 
 
Average 
Error 
-75.15 -45.08 -49.85 -52.17 -48.06 -47.15 -56.76 -40.73 -62.77 
 RMS Error 7.07 4.51 4.94 5.10 4.76 4.46 5.50 4.14 6.04 
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3.6 NOMENCLATURE  
∆P  pressure drop       (kPa) 
ṁref  refrigerant mass flow rate     (g/s) 
Mref   charge of refrigerant      (g) 
Peri  evaporator refrigerant inlet pressure    (kPa) 
Pero   evaporator refrigerant outlet pressure    (kPa) 
Qref  capacity of evaporator     (kW) 
RHei  evaporator air inlet relative humidity    (-) 
Teai   evaporator air inlet temperature    (°C) 
Teao  evaporator air outlet temperature    (°C) 
Teri  evaporator refrigerant inlet temperature   (°C) 
Tero  evaporator refrigerant outlet temperature   (°C) 
Tsuperheat evaporator outlet superheat temperature   (°C) 
V air  air volumetric flow rate     (m3/s) 
xeri  evaporator inlet quality     (-) 
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CHAPTER 4: REFRIGERANT POTENTIAL IN MICROCHANNEL 
CONDENSERS 
 
4.1 MODEL DESCRIPTION 
The condenser model is based on the finite volume approach described in Chapter 
2. The serpentine condenser was divided into 55 elements along the length of the 
refrigerant tube for each tube pass. Inlet conditions of the fluids and geometric 
properties of the heat exchanger were provided to the heat exchanger model. The 
effectiveness-NTU (ε-NTU) method and pertinent correlations are used to 
calculate the heat transfer, pressure drop, and refrigerant charge in each element 
as shown in Chapter 2. The correlations used for the serpentine design were: Park 
and Jacobi (2009) for air side heat transfer coefficient, Churhill and Usagi (1977) 
friction factor for pressure drop in refrigerant side single-phase regions, Dittus-
Bolter (1930) correlation for refrigerant side single-phase heat transfer coefficient, 
Zivi (1964) for refrigerant two-phase void fraction, Cavallini et al. (2006) for two-
phase refrigerant heat transfer coefficient, and Cavallini et. al. (2009) correlation 
for two-phase pressure drop. See Chapter 2 for validation for pressure drop, 
charge, and capacity for the serpentine condenser model. 
The air velocity and temperature profiles are assumed uniform for the condenser 
model. Transition regions near saturation lines are incorporated to reduce 
singularities caused by correlations or data processing in the program. The 
condenser model is implemented in Engineering Equation Solver (EES).  
79 
 
4.2 EXAMPLE: POTENTIAL FOR CHARGE REDUCTION IN 
SERPENTINE CONDENSERS 
4.2.1 Potential for Charge Reduction 
The model developed and validated in Chapter 2 is used to evaluate the charge 
minimization potential of several refrigerants.  The serpentine condenser is 
selected as a representative heat exchanger for this purpose. The procedure is 
described below. 
 
4.2.2 Conceptual Framework 
It is assumed that fair comparison of the charge reduction potential of refrigerants 
requires maintaining the same geometry  and capacity of the system while 
exposing heat exchangers to the same conditions on the air side (air side velocity, 
inlet temperature, etc…) for each working fluid. Additionally, the effect of the 
condenser on the rest of the refrigerant side of the system should be the same, and 
is here defined as a 1% difference between COP’s of the system with a real 
condenser and one without pressure drop on the refrigerant side.  
When the same heat exchanger is redesigned for different refrigerants, internal 
volume is adjusted to the minimal value that creates a pressure drop which causes 
a 1% drop in COP.  Internal volume minimization is chosen to be representative 
of charge minimization even though some other effects like varying mass flux 
may occur. For that reason, the heat exchanger design selected is a microchannel, 
serpentine (single pass) condenser with a constant number of ports, shown in the 
Fig. 4.1.  The serpentine design is selected to avoid uncertainties in prediction of 
refrigerant inventory in the headers. It is believed that this design does not affect 
the generality of conclusions.  
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As stated earlier, for each refrigerant, heat exchanger air side geometry is 
identical; outer dimensions of the tube, length of the tube, and number of ports 
(channels) are constant and identical.  Modifications are made to the diameter of 
the ports that generate the same degradation of COP due to refrigerant side 
pressure drop compared to the case without pressure drop (ideal) while 
maintaining the same system cooling capacity. The other similar option is to vary 
the number of active ports as needed but keep the diameter of the ports constant 
without varying the outer dimensions of the flat tube; but that approach is not 
used here. 
Fig. 4.1 shows the “ideal”, baseline, cycle in solid line and the “real”, actual, 
Figure 4.1: Comparison criteria for microchannel heat exchangers based on 
pressure drop that causes 1% change in COP 
Figure 4.2: Air side and refrigerant side operating conditions for this example 
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cycle with the dashed line. The pressure drop in real condenser causes a 1% 
reduction in COP compared to “ideal” cycle. Isenthalpic expansion and isentropic 
compression are assumed in the ideal cycle for all fluids.  This assumption does 
not affect the generality of conclusions.  
The example shown below is for an operating condition with dry air, air inlet 
temperature into the condenser of 20 oC, and face velocity of 2.5 m/s.  
Table 4.1: Geometry of serpentine condenser 
Fins Tubes Overall 
Fin height [mm] 8 Number of tubes [-] 2 Width [mm] 275 
Fin depth [mm] 35 Tube thickness [mm] 2.3 Height [mm] 309 
Fin thickness [mm] 0.15 Tube depth [mm] 35 Depth [mm] 35 
Fins per inch [in-1] 17 Number of ports [-] 25 Circuits [-] 2 
Fin Pitch [mm] 1.49 Hydraulic diameter [mm] Varies Runs per Circuit [-] 15 
Louver height [mm] 7.84 Absolute roughness [mm] 0.001 Air HT  area [m2] 3.696 
Louver pitch [mm] 1.72 
    
Louver angle [o] 27 
    
 
The condensing temperature is approximately 25 °C. The predicted values are 
provided for each fluid in Table 4.2. Cooling capacity of the evaporator is 1 kW, 
evaporation temperature is 0 oC, evaporator exit superheat of 5 oC from saturation, 
and pressure drop is neglected in the evaporator. Cycle operating conditions are 
shown in Fig. 4.2, and geometric parameters are given in Table 4.1 and Fig. 4.3. 
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Figure 4.3: Baseline serpentine condenser design 
4.2.3 Analysis Procedure 
Fig. 4.4 shows the logic flow diagram implemented in order to analyze the charge 
potential of the refrigerants. The below steps describe the iterative procedure 
shown in the figure. 
1. For the given conditions and geometry, guess a condenser inlet saturation 
temperature (Tcsati) and hydraulic diameter (Dh). These values are inserted 
into the ideal cycle to get the pressure (Pcri), temperature (Tcri), and 
refrigerant mass flow rate (ṁr) into the real condenser model. 
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2. The real condenser model outputs quality (xout), which is checked to see if it 
is zero. If this condition is not met, then the saturation temperature is 
changed by some amount (∆1) and the process is repeated from step 1 until 
outlet quality is zero (liquid at the outlet). 
3. Once outlet quality is zero, a check is made to see if the cycle with the real 
condenser outputs 1 kW cooling capacity. If it does not, the mass flow rate is 
changed and the procedure is repeated from step 1 until evaporation capacity 
is 1 kW and previous steps are satisfied. 
4. Once steps 2 and 3 are completed, the ideal cycle is run again using the 
output saturation temperature of the real condenser as the saturation 
temperature for the ideal condenser. The capacity for both systems should be 
1 kW. The COPideal and COPreal are calculated for the cycles and compared so 
that the ratio of COPideal to COPreal is 1.01. 
5. If the ratio is not 1.01, then the hydraulic diameter is changed by some 
amount (∆2) and the procedure is repeated from step 1 until steps 2, 3 and 4 
are satisfied. 
6. Once the ratio is 1.01, then the analysis for that refrigerant is completed. The 
process is repeated for each new refrigerant using the same heat exchanger. 
The results are shown in Table 4.2. 
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Figure 4.4: Modeling procedure for 1 % COP change analysis 
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Table 4.2: Refrigerant charges in evaluated condenser based on pressure drop that causes 1% COP reduction compared to 
idealized (∆P=0) cycle 
Fluid Ref. Mass 
Hydraulic 
Diameter 
Mass 
Flow 
Rate 
∆P 
[1 % COP 
reduction] 
COP 
Ideal 
Cond. 
Temp. 
Rejected 
Heat 
Sat.  
Liquid 
Density 
Sat. 
Vapor 
Density 
Latent 
Heat 
 
[g] [mm] [g/s] [kPa] [-] [C] [kW] [kg/m3] [kg/m3] [kJ/kg] 
R717 13.4 0.86 0.86 7.45 10.04 24.6 1.04 603.9 7.7 1169.0 
R744 29.8 0.59 5.94 35.79 7.01 24.3 1.10 724.8 234.7 125.9 
R290 34.4 1.14 3.15 6.58 9.57 25.2 1.05 492.2 20.7 335.7 
R32 44.9 0.92 3.64 11.46 9.41 24.8 1.05 962.8 47.1 271.7 
R600a 59.1 1.61 3.31 3.17 9.76 25.5 1.07 550.2 9.3 329.4 
R410A 65.6 0.98 5.32 11.65 9.37 25.1 1.07 1063.0 66.2 187.8 
R134a 124.2 1.38 5.96 5.52 9.54 25.6 1.09 1206.0 32.9 177.7 
R1234yf 132.0 1.46 7.52 5.41 9.31 25.6 1.08 1091.0 38.4 145.6 
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4.2.4 Results 
For each refrigerant the pressure drop needed to reduce the COP by 1 % was 
calculated and is listed in Table 4.2. Table 4.2 also shows the amount of charge in 
the condenser for each refrigerant. Fig. 4.5 is a schematic of this data with the 
needed hydraulic diameter to reduce the COP by 1%.  
R717 shows the highest potential for charge reduction when using the 1% change 
in COP criterion for pressure drop. Highest potential means that for the same 
capacity, the same air side conditions and geometry, and same percent COP 
reduction due to pressure drop, the amount of charge is smallest. This means that 
the refrigerant with the highest charge reduction can provide the same 
performance as other fluids but with the least amount of charge. 
The light saturation vapor for fluids like Ammonia (R717) and R600a has two 
opposing effects on refrigerant charge. On the one hand the light vapor causes an 
Figure 4.5: Refrigerant charge (mass) and hydraulic diameter of serpentine 
condenser for 1kW refrigeration system causing 1% difference from ideal COP 
due to condenser pressure drop 
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increase in velocity. This increase in velocity increases pressure drop. The 
increase of pressure drop means that a larger hydraulic diameter is needed for the 
same COP penalty. Larger hydraulic diameter means larger volume which leads 
to higher charge. On the other hand since the vapor is light, the charge is lower 
due to its vapor weight. In the void fraction vs. quality curve shown in Fig. 4.6, 
the area under the curve times the vapor density gives the refrigerant vapor mass, 
but since vapor density is very low for ammonia the total mass is the lowest at any 
given void fraction. 
 
The advantage of R717 is in its high latent heat. Due to high latent heat (hfg = 
1167 kJ/kg), the mass flow needed for the same, here 1 kW, capacity (ṁ = Q/hfg = 
0.862 g/s) is significantly lower for R717 than for any other fluid. This low mass 
flow rate causes the total charge to be lower for R717. Furthermore Ammonia’s 
sensitivity to pressure drop is not exceptionally low or high (see Table 4.2 column 
5, ∆P [1 % COP reduction]) in comparison to the other fluids shown in Table 4.2.  
Figure 4.6: Different void fraction correlations showing their differences visually 
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Carbon dioxide (R744) has different characteristics. It owes its high charge 
potential reduction to low pressure drop (due to dense vapor) and low sensitivity 
to pressure drop, as shown in Table 4.2, column 5, ∆P [1 % COP reduction]. This 
means that high pressure drop will not result in high temperature drop of the fluid 
(which affects the COP).  
In other words, COP is proportional to temperature as shown in Equation (4.1). If 
the same COP is applied to the refrigerants, then the temperature difference is the 
same. Then Fig. 4.7 shows that for the same temperature difference, the allowable 
pressure drop needed for R744 is much greater than all other refrigerants.  
[\* ∝ ^_^_J^`     (4.1) 
 
Figure 4.7: Pressure drop sensitivity if various refrigerants 
 
Since this allowable pressure drop for a given temperature difference for R744 is 
high, it means that the fluid is least sensitive to the effect of pressure drop on 
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COP. This lower sensitivity to pressure drop means that a much smaller hydraulic 
diameter can be tolerated without negatively affecting the COP of the cycle.  This 
is an advantage for R744 since it means that it can perform well in microchannel 
heat exchangers. The smaller hydraulic diameter means a smaller volume and 
therefore smaller charge. The reason that R744 is not the lowest charge refrigerant 
using the penalty in COP due to pressure drop criterion is due to its dense vapor 
which at any void fraction will give higher refrigerant mass; this is a disadvantage 
to R744.    
Even though hydraulic diameter is the largest for R600a (isobutane), the highest 
charge is predicted for R1234yf and R134a. Isobutane is not the highest because 
of the lower vapor and liquid densities than R1234yf and R134a. Furthermore, 
R1234yf and R134a have low latent heat and have moderate sensitivity to 
pressure drop. These two effects combined give high charge for the same penalty 
in COP compared to the other fluids.  
Results show that ammonia has the highest potential for charge reduction, 
followed by R744 and propane.  The reason for ammonia being the best option, 
despite having notoriously high refrigerant side pressure drop when presented as a 
function of mass flux is mostly in high latent heat of vaporization that reduces 
required mass flow for the same air side conditions and light vapor.  R744 
requires mass flow rate similar to other refrigerants but its dense vapor reduces 
velocity and thus refrigerant side pressure drop, and assisted with low cycle 
sensitivity to pressure drop, brings it to the second best.  
4.3 NOMENCLATURE 
COP coefficient of performance ideal cycle   (-) 
COPideal    coefficient of performance ideal cycle    (-) 
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COPreal     coefficient of performance modeled cycle   (-) 
Dh              hydraulic diameter     (m)  
Dh`  new hydraulic diameter  (m) 
∆1   small change in temperature  (°C)  
∆2   small change in port diameter  (m)   
h   specific enthalpy  (kJ/kg)  
ṁr  refrigerant mass flow rate (kg/s)   
Pcri  inlet refrigerant pressure  (kPa)  
∆P  pressure drop (kPa) 
Qevap  evaporation capacity  (kW)  
Tc   condensation temperature  (°C)   
Tcsati  condensation saturation temperature  (°C)   
Tcsati`  new condensation sat. temperature  (°C)  
Tcri   inlet refrigerant temperature  (°C)  
Te   evaporation temperature  (°C)   
xout  quality at outlet of condenser (-) 
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CHAPTER 5: REFRIGERANT POTENTIAL IN MICROCHANNEL 
EVAPORATORS 
 
5.1 MODEL DESCRIPTION 
The evaporator model is based on the finite volume approach. The model was 
built for serpentine evaporators. The serpentine evaporator is divided into 60 
elements along the length of the refrigerant tube for each tube pass. Inlet 
conditions of the fluids and geometric parameters of the heat exchanger are 
provided to the evaporator model.  The effectiveness-NTU (ε-NTU) method and 
pertinent correlations are used to calculate the heat transfer, pressure drop, and 
refrigerant charge in each element. The correlations used for the serpentine design 
were: Park and Jacobi (2009) for air side heat transfer coefficient, Churhill and 
Usagi (1977) friction factor for pressure drop in refrigerant side single-phase 
regions, Dittus-Bolter (1930) correlation for refrigerant side single-phase heat 
transfer coefficient, Zivi (1964) for refrigerant two-phase void fraction, Souza and 
Mattos Pimenta (1995) for two-phase refrigerant heat transfer coefficient, and 
Pamitran et. al. (2009) correlation for two-phase pressure drop. See Chapter 3 for 
validation for pressure drop, charge and capacity for the serpentine evaporator 
model. 
The air velocity and air temperature profiles are assumed uniform for the 
evaporator model. Transition regions near saturation lines are incorporated to 
reduce singularities caused by correlations or data processing in the program. The 
evaporator model is implemented in Engineering Equation Solver (EES, 2011).  
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5.2 EXAMPLE: POTENTIAL FOR CHARGE REDUCTION IN 
SERPENTINE EVAPORATORS 
5.2.1 Potential for Charge Reduction 
The model developed and validated above was used to evaluate the charge 
minimization potential of several refrigerants in the serpentine evaporator. The 
procedure is described below. 
 
5.2.2 The Conceptual Framework 
It is assumed that fair comparison of the charge reduction potential of refrigerants 
requires maintaining the same geometry and capacity of the system while 
exposing the evaporator to the same conditions on the air side (air side velocity, 
inlet temperature, etc.) for each working fluid (Hrnjak, 2009). Additionally, the 
effect of the evaporator on the rest of the refrigerant side of the system should be 
the same and is here defined as a 2 % difference between COP’s of the system 
with a real evaporator with pressure drop and ideal evaporator without pressure 
drop on the refrigerant side.  
When the same heat exchanger is redesigned for different refrigerants, internal 
volume is adjusted to the minimal value that creates a pressure drop which causes 
Figure 5.1: Comparison criteria for microchannel heat exchangers based on 
pressure drop that causes 2% change in COP 
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a 2 % drop in COP.  Internal volume minimization is chosen to be representative 
of charge minimization even though some other effects like changes in mass flux 
may occur (Hrnjak, 2010). For that reason, the heat exchanger design selected is a 
microchannel serpentine (single pass) evaporator with a constant number of ports, 
shown in the Fig. 5.3. Furthermore, Hrnjak and Litch (2001) showed that the 
serpentine design had the least refrigerant charge while maintaining similar 
capacity as single pass and two pass condensers of similar size with ammonia as 
the working fluid. The serpentine design is also selected to avoid uncertainties in 
prediction of refrigerant charge in the headers. It is believed that this design does 
not affect the generality of conclusions.  
As stated earlier, for each refrigerant, heat exchanger air side geometry is 
identical; outer dimensions of the tube, length of the tube, and number of ports 
(channels) are constant and identical.  Modifications are made to the diameter of 
the ports that generate the same degradation of COP due to refrigerant side 
pressure drop compared to the case without pressure drop (ideal) while 
maintaining the same system cooling capacity. The other similar option is to vary 
the number of active ports as needed but keep the diameter of the ports constant 
without varying the outer dimensions of the flat tube. 
Figure 5.2: Air side and refrigerant side operating conditions for this example 
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Fig. 5.1 shows the “ideal”, baseline, cycle in solid line and the “real”, actual, 
cycle with the dashed line. The pressure drop in real evaporator causes a 2 % 
reduction in COP compared to the “ideal” cycle. The cooling capacity and the 
LMTD for the “ideal” and “real” cycle are the same. Isenthalpic expansion and 
isentropic compression are assumed in both cycles for all fluids. This assumption 
does not affect the generality of conclusions. 
 
The example shown below is for an operating condition with dry air, air inlet 
temperature into evaporator of 25 oC, and face velocity of 2.5 m/s.  
The evaporation temperature was approximately 0 °C. The predicted results are 
provided for each fluid in Table 5.2. Cooling capacity of the evaporator is 1 kW 
and superheat at the exit is 5 oC above saturation. The condensing temperature is 
set to 25 oC. The outlet of the condenser is assumed saturated (quality of zero) and 
Figure 5.3: Baseline serpentine condenser design 
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pressure drop is neglected in the condenser. Cycle operating conditions are shown 
in Fig. 5.2, and geometric parameters are given in Table 5.1 and Fig. 5.3.  
Table 5.1: Geometry of serpentine evaporator 
Fins Tubes Overall 
Fin height [mm] 8 Number of MC tubes [-] 2 Width [mm] 115 
Fin depth [mm] 35 Tube thickness [mm] 2.3 Height [mm] 206 
Fin thickness [mm] 0.15 Tube depth [mm] 35 Depth [mm] 35 
Fins per inch [in-1] 15 Number of ports [-] 20 Circuits [-] 2 
Fin Pitch [mm] 1.7 Hydraulic diameter [mm] Varies Runs per Circuit [-] 10 
Louver height [mm] 7.2 Absolute roughness [mm] 0.0015 Air HT  area [m2] 0.9136 
Louver pitch [mm] 1.72 
    
Louver angle [o] 27 
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5.2.3 Analysis Procedure 
Fig. 5.4 shows the logic flow diagram implemented in order to analyze the charge 
potential of the refrigerants. The below steps describe the iterative procedure 
shown in the figure. 
1. For the given conditions and geometry, guess an evaporator inlet saturation 
temperature (Tesati), refrigerant mass flow rate (ṁr), and hydraulic diameter 
(Dh). These values are inserted into the ideal cycle to get out the pressure 
(Peri), temperature (Teri), and quality (xeri) into the real evaporator model. 
 
2. The real evaporator model outputs capacity (Qevap), which is checked to see if 
it is 1 kW. If this condition is not met, then the saturation temperature is 
changed by some amount (∆1) and the process is repeated from step 1 until 
cooling capacity is 1 kW. 
 
3. Once cooling capacity is 1 kW, a check is made to see if the superheat 
temperature (Tsup) of the evaporator is 5 °C. If it is not, the mass flow rate is 
changed and the procedure is repeated from step 1 until superheat 
temperature is 5 °C and previous steps are satisfied.  
 
4. Once steps 2 and 3 are completed, the ideal cycle is run again using the 
logarithmic mean temperature difference of the real cycle (Tlmtdreal) as the 
logarithmic mean temperature difference of the ideal cycle (Tlmtdideal). The 
ideal cycle is set to have 5 °C superheat and 1 kW cooling capacity (the 
difference in COP comes from the differences in work in both cycles). The 
COPideal and COPreal are calculated for the cycles and compared so that the 
ratio of COPideal to COPreal is 1.02. 
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5. If the ratio is not 1.02 then the hydraulic diameter is changed by some 
amount (∆3), and the procedure is repeated from step 1 until steps 2, 3 and 4 
are satisfied. 
 
6. Once the ratio is 1.02, then the analysis for that refrigerant is completed. The 
process is repeated for each new refrigerant using the same heat exchanger. 
The results are shown in Table 5.2.  
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 Figure 5.4: Logic flow diagram used to obtain 2% COP decrease due to pressure drop 
Start
Ideal Cycle
Real Evaporator Model
Tesati, Dh, ṁr
Peri, Teri, xeri
Qevap
Tesati`=Tesati + ∆1 Tesati`=Tesati - ∆1
No
Ratio =
COPideal/COPreal
= 1.02?
Yes
Dh`= Dh +  ∆3 Dh`= Dh - ∆3
No
Yes
END
Qevap < 1 kW ?No
Qevap=1 kW?
ṁr`=ṁr - ∆2
Tsup =5 °C?No
Ideal Cycle
Tlmtdreal=Tlmtdideal
Yes
COPreal, COPideal
Ratio < 1.02?
No Yes
Tsup > 5 °C?
No
ṁr`=ṁr + ∆2
YesYes
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Table 5.2: Refrigerant charges in evaluated evaporator based on pressure drop that causes 2% COP reduction compared 
to idealized (∆P=0) cycle with equal LMTD 
Fluid Ref. Mass 
Hydraulic 
Diameter 
Mass 
Flow 
Rate 
∆P [2 % COP 
reduction] 
COP 
Ideal 
Sat. Liquid 
Density 
Sat. Vapor 
Density 
Latent 
Heat 
Inlet 
Quality 
 
[g] [mm] [g/s] [kPa] [-] [kg/m3] [kg/m3] [kJ/kg] [-] 
R134a 23.2 1.42 5.96 15.30 9.217 1295.0 13.7 197.8 0.17 
R1234yf 18.9 1.38 7.54 15.83 8.947 1176.0 16.8 162.4 0.21 
R600a 16.4 1.81 3.31 8.13 9.336 580.3 4.1 352.8 0.17 
R410A 6.5 0.82 5.34 40.31 8.825 1176.0 29.2 222.6 0.18 
R717 5.4 1.00 0.86 26.06 9.361 638.2 3.3 1259.0 0.09 
R32 5.3 0.79 3.63 40.98 8.911 1055.0 21.1 314.7 0.14 
R290 4.2 1.01 3.16 22.30 9.044 528.3 9.9 372.8 0.17 
R744 2.5 0.50 6.06 152.40 6.396 925.2 93.8 230.7 0.32 
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5.2.4 Results 
For each refrigerant, the pressure drop needed to reduce the COP by 2 % was 
calculated and is listed in Table 5.2. Table 5.2 also shows the amount of charge in 
the evaporator for each refrigerant. Fig. 5.5 is a schematic of this data with the 
needed hydraulic diameter to reduce the COP by 2 %.  
 
R744 shows the highest potential for charge reduction when using the 2 % change 
in COP criterion for pressure drop. Highest charge reduction potential means that 
for the same capacity, the same air side conditions and geometry, and the same 2 
% COP reduction due to pressure drop, the amount of charge is the smallest with 
the least internal volume. This means that the refrigerant with highest charge 
reduction can provide the same performance as other fluids but with the least 
amount of charge.  
 
Figure 5.5: Refrigerant charge (mass) and hydraulic diameter of serpentine 
evaporator for 1 kW refrigeration system causing 2% difference from ideal COP 
due to evaporator pressure drop 
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The results for R744 were the same as in Chapter 4. That is, carbon dioxide 
(R744) owes its high charge potential reduction to low pressure drop (due to 
dense vapor) and low sensitivity to pressure drop, as shown in Table 5.2, column 
5, ∆P [2 % COP reduction]. This means that high pressure drop will not result in 
high temperature drop of the fluid (which affects the COP).  
In other words, COP is proportional to temperature as shown in Equation (5.1). If 
the same COP is applied to the refrigerants, then the temperature difference is the 
same. Then Fig. 5.6 shows that for the same temperature difference, the allowable 
pressure drop needed for R744 is much greater than all other refrigerants.  
[\* ∝ ^_^_J^`     (5.1) 
 
Figure 5.6: Pressure drop sensitivity if various refrigerants 
 
Since this allowable pressure drop for a given temperature difference for R744 is 
high, it means that the fluid is least sensitive to the effect of pressure drop on 
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COP. This lower sensitivity to pressure drop means that a much smaller hydraulic 
diameter can be tolerated without negatively affecting the COP of the cycle.  This 
is an advantage for R744 since it means that it can perform well in microchannel 
heat exchangers. The smaller hydraulic diameter means a smaller volume and 
therefore smaller charge. A disadvantage of R744 is its dense vapor which at any 
void fraction will give high refrigerant mass.  
R717 does not show the same trends as seen in Chapter 4 when using the 
condenser. A possible reason is that the inlet quality for R717 is much smaller 
than R744 as shown in Table 5.2. Therefore, the overall void fraction of R717 
will be lower resulting in a higher amount of liquid and thus higher charge than 
R744.  
Even though hydraulic diameter is the largest for R600a (isobutane), the highest 
charge is predicted for R1234yf and R134a. Furthermore even though R600a has 
a similar saturated vapor density as R717, the latent heat for R717 is almost 4 
times the value of R600a. This leads to R600a having higher mass flow rate and 
thus total charge in the evaporators compated to R717. Isobutane is not the 
highest charge on the other hand because of the lower vapor and liquid densities 
than R1234yf and R134a. Furthermore, R1234yf and R134a have low latent heat 
and have moderate sensitivity to pressure drop. These two effects combined give 
high charge for the same penalty in COP compared to the other fluids.  
Results show that R744 has the highest potential for charge reduction, followed 
by R32. Also note that this analysis and that for the condensers in Chapter 4 uses 
Zivi (1964) correlation for void fraction which does not take into account mass 
flux of the flow. Mass flux is shown to impact the total charge in Chapter 6.  
Also note that if fluids other than R744 are allowed to trade their higher COP for 
charge reduction, this may affect the trends 
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5.3 NOMENCLATURE 
COP
  
coefficient of performance    (-) 
COPideal coefficient of performance ideal cycle    (-) 
COPreal  coefficient of performance modeled cycle  (-) 
Dh  hydraulic diameter     (m) 
Dh`  new hydraulic diameter     (m) 
∆1  small change in temperature     (°C) 
∆2  small change in port diameter     (m) 
∆3  small change in ref. mass flow rate     (m) 
h  specific enthalpy    (kJ/kg)  
LMTD logarithmic mean temperature difference  (°C) 
ṁr  refrigerant mass flow rate     (kg/s) 
Peri  inlet refrigerant pressure    (kPa) 
Qevap  evaporation capacity     (kW) 
Tc   condensing temperature  (°C)   
Te  evaporation temperature  (°C)   
 Tesati  condensation saturation temperature     (°C) 
Tesati`  new condensation saturation temperature   (°C) 
Teri  inlet refrigerant temperature     (°C) 
Tlmtdideal  LMTD of the ideal cycle    (°C) 
Tlmtdreal  LMTD of the real cycle    (°C) 
Tsup  superheat temperature     (°C) 
xeri  quality at outlet of condenser    (-) 
5.4 REFERENCES 
Churchill S.W., Usagi R.,1972, A General Expression for the Correlation Rates of 
Transfer and Other Phenomena, AlChE J. , Vol. 18  ( 6 ) 1972 
 
105 
 
Dittus, P. W., Boelter L. M. K., 1930, Univ. Calif. Pub. Eng., Vol. 2, no. 13, 443-461, 
Reprinted in int. Comm. Heat mass transfer, Vol. 12, Pp. 3-22 (1985) 
 
Engineering Equation Solver-Academic Professional V8.874, 2011, F-Chart Software, 
Middleton, WI. 
 
Graham D.M.,  Kopke H.R.,Wilson M.J., Yashar D.A., Chato J.C., Newell T.A., 1999, 
An Investigation of Void Fraction in The Stratified/Annular Flow Regions in Smooth, 
Horizontal Tubes, Air Condition and Refrigeration Center, University of Illinois, 
Technical Report 144 
 
Hrnjak, P. S. and A. D. Litch, 2001, Charge Reduction in Ammonia Chiller Using Air-
Cooled Condensers with Aluminum Microchannel Tubes,. Proc. of IIAR, Long Beach, 
CA, 235-267 
 
Hrnjak, P. S. 2009, Refrigerant Charge Reduction: Strategies and Experience,. IIR 1st 
Workshop on Refrigerant Charge Reduction, Cemagref Antony, France 
 
Hrnjak, P.S., 2010, Developments in Charge Reduction and Microchannel Technology-
Mass Flux as a Way to Affect Void Fraction.Charge, 2nd IIR Workshop on Refrigerant 
Charge Reduction, KTH, Stockholm, June 16-17, 2010. 
 
Niño V.G., Hrnjak P.S., Newell T.A., 2002, Characterization of two-phase flow in 
microchannels, Air Condition and Refrigeration Center, University of Illinois, Technical 
Report 202 
 
Pamitran A.S., Choi K.I., Oh J.T., Park K.QW., 2009, Two-Phase Heat Transfer of 
Propane Vaporization in Horizontal Minichannels, J. of Mechanical Science and 
Technology, Vol. (23), 599-606 
 
Park Y.G., Jacobi A.M, 2009, Air-Side Heat Transfer and Friction Correlation for Flat-
Tube Louver-Fin Heat Exchangers, J. Heat Transfer, Vol. 131, 021801-1 to 021801-12 
 
Shedd T.A., 2010, Void Fraction and Pressure Drop Measurements for Refrigerant 
R410A Flows in Small Diameter Tubes, Multiphase Visualization and Analysis 
Laboratory, University of Wisconsin-Madison, Final Report Presented to AHRI 
 
Souza A.L., Mattos Pimenta M., 1995, Prediction of Pressure Drop During Horizontal 
Two-Phase Flow of Pure and Mixed Refrigerants, Cavitation and Multiphase flow, Vol. 
210, 161-171 
 
Zivi S.M., 1964, Estimation of Steady-State Steam Void Fraction by means of the 
Principle of Minimum Entropy Production , J. Heat Transfer,  86 Trans. Am. Soc. Mech. 
Engrs, Series C, 247–252.    
106 
 
CHAPTER 6: EFFECTS OF MASS FLUX ON CHARGE WITH NON- 
OPTIMAL DESIGN 
6.1 CONCEPTUAL FRAMEWORK 
Mass flux has been hypothesized to have an effect on charge (Hrnjak, 2010). This 
effect is studied in this analysis. To compare the effect of mass flux on charge, 
microchannel condensers with different number of passes at a fixed mass flow 
rate were used. The mass flux in each pass changed depending on the number of 
microchannel tubes in each pass. The total number of microchannel tubes, the air 
side properties, and dimensions were the same for all the condensers analyzed. 
The effects of the headers are not studied in this analysis. Therefore, heat transfer, 
pressure drop, charge, and misdistribution in the headers are neglected. For all the 
(a) (b) 
(c) (d) 
Figure 6.1: Possible condenser designs with different mass fluxes; percent air 
side area allocated for each pass is displayed 
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condensers the percent change in COP due to pressure drop was the same. The 
baseline heat exchanger (four pass design) was modeled so that the system had a 1 
% COP change due to pressure drop in the condenser (See Chapter 4 for 
information about this technique). For all other condensers using the same 
refrigerant, the hydraulic diameter was changed so that the pressure drop was the 
same and had the same effect on COP. Since the pressure drop is the same for 
each design for a fluid, the effect of pressure drop on total charge will not affect 
the results. The 1 % change of COP method allows for comparison of different 
refrigerants when their effect compared to an ideal system is the same. The 
refrigerant mass flow rate and refrigerant properties into each condenser were the 
same for different number of passes with the same fluid. The mass flow rate and 
the refrigerant properties were calculated based on the 1 % COP change analysis. 
This analysis was repeated for each refrigerant. Fig. 6.1 (a-d) shows schematic 
designs for the condensers. The mass flux was highest for Fig. 6.1 (d), followed 
by Fig. 6.1 (c), Fig. 6.1 (b), the lowest mass flux was for Fig. 6.1 (a), assuming 
the same mass flow rate. The designs of Fig. 6.1 (a-d) are not optimal designs for 
charge reduction; the designs in this analysis are made for simplicity and ease of 
comparison between mass fluxes. 
6.2 MODELING OF THE CONDENSERS 
The condensers were modeled by assuming the same mass flow rate into each 
tube in each header. Furthermore for the same mass flow rate, the mass flux of the 
serpentine design was always higher than that of the one pass to multiple pass 
condensers. Therefore, the correlations used for the refrigerant side were not the 
same as the ones used for the serpentine design. In the multiple pass design, it was 
found that the Dobson and Chato (1998) condensation heat transfer correlation for 
wavy flow best predicted heat transfer in the two-phase region. Most flow regime 
maps show that at these low mass fluxes, stratified and/or wavy regimes are to be 
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expected (except for CO2, where intermittent and annular flows are observed). 
The heat transfer correlation by Hrnjak and Kondo (2011) was modified so that 
the two-phase component in the correlation used the Dobson and Chato (1998) 
correlation instead of the Cavallini et. al. (2006) correlation. For two-phase 
pressure drop, the correlation by Cavallini et. al. (2009) was used because it 
extends to lower mass fluxes compared to the other pressure drop correlations 
tested in Chapter 2. The void fraction correlation that was used was from Graham 
et. al. (1999) because it incorporates the effect of mass flux into the correlation. 
Effects of the header on pressure drop were not considered in this analysis. See 
Chapter 8 for void fraction, pressure drop, and heat transfer correlations for single 
pass and two pass designs with header charge predictions. 
6.3 GEOMETRY AND PROPERTIES  
Four different condensers following the designs in Fig. 6.1 were analyzed.  
Figure 6.2: Air side dimensions for all condensers 
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Dimensions shared by all the condensers are shown in Table 6.1. For all 
condensers 24 total microchannel tubes were used and divided equally for each 
design (6 tubes per pass for the four pass design, 8 tubes per pass for three pass 
design, 12 tubes per pass for the two pass design, and 24 tubes for the single pass 
design). The number of active ports in each pass in the heat exchanger was the 
same, but the hydraulic diameter varied from each design and each refrigerant in 
order to achieve 1 % change in COP (results shown in Table 6.2). Fig. 6.2 shows 
the air side geometry of the condensers.  
For the 1 % COP analysis, the condensers were compared to an ideal system with 
cooling capacity of 1 kW at 0 °C evaporation temperature. Pressure drop was 
neglected in the evaporator. Isentropic compression and isenthalpic expansion are 
also assumed for all designs. The air side velocity was 3 m/s, and the air side inlet 
temperature was 20 °C. Fig. 6.3 shows a diagram of the condenser fluid stream 
that was used for all refrigerants and all designs. 
 
 
Figure 6.3: Air side and refrigerant side operating conditions for this example
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Table 6.1: Geometry used for all condenser design 
Fins Tubes Overall 
Fin height [mm] 10 Number of tubes [-] 24 Width [mm] 350 
Fin depth [mm] 35 Tube thickness [mm] 2.0 Height [mm] 312 
Fin thickness [mm] 0.15 Tube depth [mm] 35 Depth [mm] 35 
Fins per inch [in-1] 18 Number of ports [-] 20 Air HT  area [m2] 5.678 
Fin Pitch [mm] 1.41 Hydraulic diameter [mm] Varies Elements Per Pass 100 
Louver height [mm] 9.8 Absolute roughness [mm] 0.001 
  
Louver pitch [mm] 1.4 
    
Louver angle [o] 27 
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6.4 RESULTS 
Fig. 6.4 shows the charge in the condenser as a function of the mass flux for each 
fluid. These same results are also shown in Table 6.2. For all refrigerants, highest 
charge was found for the four pass design, followed by the three pass design, then 
the two pass design and the lowest charge was in the one pass design. 
Furthermore the four pass design had the lowest mass flux, followed by the three 
pass design, then the two pass design, with the highest mass flux for the one pass 
design for all refrigerants. Fig. 6.4 shows that charge decreases with increasing 
mass flux for all refrigerants tested. The same mass flow rate was used for each 
refrigerant; the only change was the mass flux. Increasing the mass flux for the 
same mass flow rate caused the tube to be emptier, which equates to less 
refrigerant in that volume. The one pass design has the smallest circuiting length; 
therefore, it allows for a smaller hydraulic diameter to achieve the same pressure 
drop for a 1% penalty in COP. A smaller hydraulic diameter yields a higher mass 
flux and thus, lower charge. The mass flow rate per tube in the one pass design is 
smaller, which decreases the mass flux. The net result of these effects is a higher 
mass flux in the single pass design compared to the other designs. Higher mass 
flux means higher void fraction, which leads to less mass in the tubes. The effect 
of mass flux on charge is different in magnitude for each refrigerant due to the 
different properties in each refrigerant, but the trends are the same for all 
refrigerants. 
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Table 6.2: Results for effect of mass flux changes on refrigerant charge 
Refrigerant Number 
of Passes ṁ 
∆P for 1 % COP 
Change G Charge Dh 
[-] [-] [g/s] [kPa] [kg/m2-s] [g] [mm] 
R717 
1 
0.89 7.76 
36.6 0.51 0.225 
2 33.1 1.98 0.335 
3 31.1 2.31 0.423 
4 29.7 3.40 0.500 
R600a 
1 
3.33 2.74 
36.9 2.13 0.434 
2 33.4 5.92 0.645 
3 31.4 10.51 0.815 
4 30.0 15.73 0.962 
R290 
1 
3.15 6.52 
75.0 1.00 0.296 
2 67.8 2.67 0.440 
3 63.8 4.77 0.556 
4 61.1 7.13 0.656 
R134a 
1 
5.96 5.60 
95.2 5.39 0.361 
2 86.2 10.31 0.537 
3 81.2 18.29 0.677 
4 77.6 27.14 0.800 
R1234yf 
1 
7.50 5.07 
103.6 4.29 0.388 
2 94.1 11.51 0.576 
3 88.6 20.19 0.727 
4 84.7 30.05 0.859 
R32 
1 
3.65 11.97 
138.7 1.29 0.234 
2 124.1 4.53 0.350 
3 117.1 6.14 0.442 
4 112.0 9.07 0.521 
R410A 
1 
5.32 11.62 
171.9 1.89 0.254 
2 156.1 4.97 0.377 
3 147.2 8.64 0.475 
4 140.9 12.95 0.561 
R744 
1 
6.00 35.80 
531.0 1.07 0.153 
2 482.6 2.45 0.228 
3 454.3 4.01 0.287 
4 435.4 5.67 0.339 
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Figure 6.4: Effect of mass flux on charge for different refrigerants; the one pass 
design had the lowest charge, followed by the two pass design, then the three pass 
design, then the four pass design had the highest charge for all refrigerants 
 
6.5 NOMENCLATURE 
COP  coefficient of performance              (-) 
Dh  hydraulic diameter             (m) 
∆P  pressure drop           (kPa) 
G  mass flux                (kg/m2-s) 
HT  heat transfer                (-) 
ṁ  refrigerant mass flow rate                      (g/s) 
 
 
114 
 
6.6 REFERENCES 
Cavallini A., Doretti L., Matkovik M., Rossetto L., 2006, Update on Condensation Heat 
Transfer and Pressure Drop Inside Minichannels, Heat Transfer Engineering, Vol. 27 (4), 
74-87 
 
Cavallini A., Del Col D., Matkovic M., Rosseto L., 2009, Pressure Drop During Two-
Phase Flow of R134a and R32 in a Single Minichannel, J. of Heat Transfer, Vol. 131, 
033107-1 to 033107-8 
 
Dobson M.K., Chato J.C., 1998, Condensation in Smooth Horizontal Tubes, J. of Heat 
Transfer, Vol. 120, 193-213 
 
Graham D.M.,  Kopke H.R., Wilson M.J., Yashar D.A., Chato J.C., Newell T.A., 1999, 
An Investigation of Void Fraction in the Stratified/Annular Flow Regions in Smooth, 
Horizontal Tubes, Air Condition and Refrigeration Center, University of Illinois, 
Technical  Report 144 
 
Hoehne M.R., Hrnjak P.S., 2004, Charge Minimization in Systems and Components 
Using  Hydrocarbons as a Refrigerant, Air Condition and Refrigeration Center, 
University of Illinois, Technical  Report 224 
 
Hrnjak P.S., 2010, Developments in Charge Reduction and Microchannel Technology-
Mass Flux as a Way to Affect Void Fraction Charge, 2nd IIR Workshop on Refrigerant 
Charge Reduction, KTH, Stockholm, June 16-17 
 
Kondou C., Hrnjak P.S., 2011, De-superheating and Condensation from R744 and 
R410A in Smooth and Microfin Tubes Near the Critical Point, Air Condition and 
Refrigeration Center, University of Illinois, Technical  Report 264 
 
 
 
 
 
 
 
 
115 
 
CHAPTER 7: EFFECTS OF MASS FLUX ON CHARGE WITH 
SERPENTINE DESIGN COMPARISON 
7.1 CONCEPTUAL FRAMEWORK AND MODELING 
The framework for this section is the same as Chapter 6. The same correlations 
are used as well. The difference between this analysis and Chapter 6 analysis is 
the geometry and operating conditions of the condensers. For this analysis, the 
geometry of the multiple pass condensers are such that the air side heat transfer 
area, tube size, and air side properties are the same as those of the condenser with 
the serpentine design from Chapter 4.  
The condenser designs analyzed were a one pass, two pass, and three pass designs 
as shown in Fig. 6.1. The serpentine design from Chapter 4 had two circuits with 
15 passes in each circuit; this translates to 30 total microchannel tubes in the 
(a) 
(c) (d) 
Figure 7.1: Possible condenser designs with different mass fluxes; percent 
area allocated for each pass is displayed 
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single pass design, 15 parallel tubes per pass in the two pass design, and 10 
parallel tubes per pass in the 3 pass design.  
The main purpose of this section is to study the differences in charge and mass 
flux with different designs, comparing the serpentine design to single or multiple 
pass designs. The effects of header are not directly modeled in this analysis but 
inferred from experimental data. Note that headers play a very important role in 
total charge of the system and they are modeled in Chapter 8. The analysis first 
focuses on effect of the microchannel tubes in the designs listed above without the 
effects of headers, and the correlation between mass flux and refrigerant charge in 
the condensers. Then, the mass in the headers for a single pass condenser are 
calculated using different methods; the total charge of the one pass design is 
compared to the total charge of the serpentine design. 
7.2 GEOMETRY AND PROPERTIES OF THE CONDENSERS 
Three different condensers were analyzed following the designs in Fig. 7.1. 
Dimensions shared by all the condensers are shown in Table 7.1. For all 
condensers, 30 total microchannel tubes were used and divided equally for each 
design. The hydraulic diameter in each pass in the heat exchanger was the same, 
but hydraulic diameter varied for each design and each refrigerant (results shown 
in Table 7.2). Fig. 7.2 shows the air side geometry of the condensers.  
Using the 1 % COP analysis the condensers were compared to an ideal system 
with cooling capacity of 1 kW at 0 °C evaporation temperature and 5 °C 
superheat at the evaporator exit. Pressure drop is neglected in the evaporator. 
Isentropic compression efficiency and isenthalpic expansion are also assumed for 
all designs. The air side velocity was 2.5 m/s and the air inlet temperature was 20 
°C. Fig. 7.3 shows a diagram of the condenser fluid streams that was used for all 
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refrigerants and all designs. For more information on the 1 % COP change 
analysis see Chapter 4. 
Figure 7.2: Air side dimensions for all condensers 
Figure 7.3: Air side and refrigerant side operating conditions for this 
analysis 
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Table 7.1: Geometry used for all condenser design 
Fins Tubes Overall 
Fin height [mm] 8 Number of tubes [-] 30 Width [mm] 275 
Fin depth [mm] 35 Tube thickness [mm] 2.3 Height [mm] 309 
Fin thickness [mm] 0.15 Tube depth [mm] 35 Depth [mm] 35 
Fins per inch [in-1] 17 Number of ports [-] 25 Air HT  area [m2] 3.695 
Fin Pitch [mm] 1.5 Hydraulic diameter [mm] Varies Elements Per Pass 100 
Louver height [mm] 7.89 Absolute roughness [mm] 0.001 
  
Louver pitch [mm] 1.72 
    
Louver angle [o] 27 
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7.3 RESULTS FOR ANALYSIS WITHOUT HEADERS 
Fig. 7.4 shows the charge in the condenser as a function of the mass flux for each 
fluid. These same results are also shown in Table 7.2. For all refrigerants highest 
charge was found for the three pass design, followed by the two pass design, and 
the lowest charge was in the one pass design. These results are consistent with the 
results from Chapter 6. Furthermore, the three pass design had the lowest mass 
flux, followed by the two pass design, with the highest mass flux for the one pass 
design for all refrigerants. It then can be concluded that charge increases with 
decreasing mass flux for the refrigerants tested. As seen in Chapter 6 the lowest 
charge in the microchannel tubes occurs with the lowest circuiting length. The 
effect of mass flux on charge is different in magnitude for each refrigerant due to 
the different properties of each refrigerant; the trends are the same for all 
refrigerants. This again shows that refrigerant charge has a strong dependence on 
mass flux. 
Table 7.3 shows the results for serpentine condenser from Chapter 4 for 1% COP 
change due to pressure drop with the same air side geometry and air side 
operating conditions as were studied in this section. Fig. 7.5 shows the charge 
versus the mass flux for each refrigerant analyzed in the serpentine design and the 
multiple pass designs. The data shows that the microchannel tubes in the multiple 
pass designs hold less charge than the microchannel tubes in the serpentine 
design. This analysis shows that without accounting for charge effects in the 
headers in the multiple pass designs, the lowest charge can be attained for 
multipass designs compared to the serpentine design.  
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Table 7.2: Results for effect of mass flux on refrigerant charge 
Refrigerant Number 
of Passes ṁ ∆P G 
Ref 
Charge Dh 
[-] [-] [g/s] [kPa] [kg/m2-s] [g] [mm] 
R717 
1 
0.87 8.57 
39.1 0.45 0.17 
2 35.0 1.06 0.26 
3 33.0 1.79 0.33 
R600a 
1 
3.35 3.33 
42.1 1.76 0.33 
2 37.4 4.35 0.49 
3 34.9 7.45 0.62 
R290 
1 
3.25 7.83 
85.7 0.80 0.22 
2 75.5 2.56 0.34 
3 70.3 3.36 0.43 
R134a 
1 
6.10 6.52 
108.0 3.03 0.27 
2 95.2 7.56 0.41 
3 88.5 12.8 0.53 
R1234yf 
1 
7.69 5.96 
120.2 3.62 0.29 
2 105.0 8.68 0.44 
3 97.6 14.7 0.56 
R32 
1 
3.75 12.82 
150.6 1.04 0.18 
2 131.7 2.62 0.28 
3 122.4 5.66 0.35 
R410A 
1 
5.45 13.86 
197.8 1.51 0.19 
2 173.2 3.66 0.29 
3 161.9 6.17 0.37 
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Table 7.3: Results for effect of mass flux changes on refrigerant charge for 
serpentine design 
Refrigerant ṁ ∆P G Ref Charge Dh 
[-] [g/s] [kPa] [kg/m2-s] [g] [mm] 
R744 2.97 35.79 346.1 29.75 0.586 
R717 0.43 7.45 23.2 13.44 0.863 
R600a 1.66 3.17 25.7 59.05 1.606 
R290 1.57 6.58 48.5 34.44 1.140 
R134a 2.98 5.52 62.6 124.20 1.380 
R1234yf 3.76 5.41 70.2 132.00 1.464 
R32 1.82 11.46 86.9 44.76 0.915 
R410A 2.66 11.65 111.9 65.56 0.975 
 
 
 
Figure 7.4: Effect of mass flux on charge for different refrigerants for 
multiple pass condensers 
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Figure 7.5: Effect of mass flux on charge for different refrigerants for both 
serpentine and multiple pass designs 
 
7.4 RESULTS WITH PREDICTED CHARGE IN HEADERS  
7.4.1 Percent of charge in headers from experiment 
Experimental data by Hoehne and Hrnjak (2004) (Chapter 2) showed that for the 
same microchannel cross sectional area, the least charge was found in the 
serpentine design, followed by the two pass design, and then the one pass design. 
This means that the charge in the headers plays a large part in the overall 
refrigerant charge in the multi-pass condensers. The refrigerant charge difference 
between the serpentine design and the one pass design in the experiment ranged 
from 3.8 to 6.4 g.  If this difference is due to the headers alone, then 13.8 to 22.4 
percent of the charge in the single pass design is assumed to be due to the header. 
The question is: what will the charge in the headers be if we apply this charge 
percentage to the current analysis? 
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This percent difference is used in the current analysis with the serpentine and one 
pass design. Thus, the additional charge in the headers of the one pass design was 
between 0.09 and 0.75 g. The total absolute charge of the single pass condensers 
was then between 0.72 and 5.37 g (absolute meaning without distinction from 
which refrigerant it came from). This range was smaller than the charge in the 
serpentine design in the analysis of Chapter 4 (whose data is shown in Table 7.3 
and Fig. 7.5 in this chapter) with refrigerant charge between 13.4 and 132 g. The 
absolute highest total mass for the single pass condenser was smaller than the 
absolute lowest mass in the serpentine condenser.  
The internal volume of the microchannel tubes in the different design may help 
explain the difference in charge between the tube analyses. If we look at the 
largest tube diameter in both designs, the internal volume of the microchannel 
tubes in the serpentine design was 532.0 cm3 while the internal volume of the 
microchannel tubes in the single pass design was 21.9 cm3. This is the internal 
volumes needed in order to have a 1 % COP change due to pressure drop for a 1 
kW cooling capacity. If headers of 35 mm hydraulic diameter are added to the 
single pass design, then the volume increases from 21.9 cm3 to 615.9 cm3 total. 
This volume is not reflected in using the percent addition of charge based on 
experimental data and may account for the low charge observed in the above 
analysis of the one pass design. Therefore, another analysis is made with header 
volume taken into consideration.  
7.4.2 Outlet header filled with Liquid 
The worst case scenario is assumed in order to emphasize volume effects of the 
headers on the single pass design. This worst case scenario is to use a large header 
filled with liquid as the outlet of the condenser and vapor as the inlet header. 
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Assuming that the inlet header is full vapor is a valid assumption as long as 
refrigerant into the condenser is superheated; this assumption is not an extreme or 
worse-case scenario. It was assumed that the hydraulic diameter for all the 
headers was the same as the tube depth (35 mm) and the height of the headers was 
the same as the height of the condensers (309 mm). Only the single pass design 
will be analyzed to simplify the analysis. The volume of the inlet header is the 
same as the outlet header (297 cm3). Table 7.4 shows the total charge that would 
come from the inlet header and outlet header for each refrigerant for the single 
pass design assuming the inlet header is filled with vapor and the outlet header is 
filled with liquid. The total charge of the single pass design with headers in Table 
7.4 is plotted in Fig. 7.6, which also shows the mass in the serpentine design.  
Table 7.4 and Fig. 7.6 show that when the outlet header is filled with liquid, the 
total charge in the single pass design is always larger than the serpentine design. 
Table 7.4: Charge Distribution assuming outlet header is full with liquid in single 
pass condenser 
Refrigerant 
Mass in 
Inlet 
Header 
Mass in 
Microchannel 
Tubes 
Mass in 
Outlet 
Header 
Total 
Mass 
Mass in 
Serpentine 
Design 
[-] [g] [g] [g] [g] [g] 
R717 2.04 0.45 178.40 180.89 13.44 
R600a 2.91 1.76 162.60 167.27 59.05 
R290 6.32 0.79 145.00 152.12 34.44 
R134a 10.00 3.03 355.80 368.83 124.20 
R1234yf 12.22 3.62 321.30 337.14 132.00 
R32 12.43 1.04 282.80 296.27 44.76 
R410A 18.41 1.51 311.90 331.82 65.56 
 
Assuming that the outlet header is filled with liquid is an extreme assumption. In 
reality experiments have shown (Zietlow and Pedersen, 1995) that there is vapor 
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in the outlet header. Therefore one more analysis is carried out, which we will call 
void fraction inference.  
 
Figure 7.6: Charge distribution in single pass design assuming outlet header is full 
of liquid, serpentine data is shown for comparison 
7.4.3. Void fraction inference 
For this analysis, experimental data was used and compared to modeled results.  
The experimental data is from the single pass condenser by Hoehne and Hrnjak 
(2004). The modeled data took into account any connecting tubes into or out of 
the condenser used in the experiment. The outlet header was assumed to be filled 
with liquid. This would correspond to a void fraction of 0. The modeled charge 
distribution and the experimental data are shown in Fig. 7.7. The difference in 
charge between experiment and model as well as Equation (7.1), were used to 
back calculate the void fraction in the header. 
*( * (1 )* )v lM Vol ρ α α ρ= + −     (7.1) 
126 
 
M is the difference in mass between experiment and model, and is assumed to be 
the real mass in the outlet header. This is assuming that the real outlet header is 
not filled with vapor or filled with liquid; instead it is somewhere in between. The 
void fraction calculated for each data point in the experiments is shown in Table 
7.5. The average void fraction in all experiments for the one pass condenser was 
0.56.  
 
Figure 7.7: Modeled one pass open port condenser and experimental data from 
Hoehne and Hrnjak (2004) with R290 
This average void fraction was assumed for the outlet header of the one pass 
design in the analysis of this Chapter. The mass of charge in the header was 
calculated using the volume of the header in this section (297 cm3) and void 
fraction of 0.56. The data is shown in Table 7.6 as the “Corrected Mass in Outlet 
Header”. The total refrigerant charge is shown for the one pass design and the 
serpentine design in the same table. Fig. 7.8 shows the distribution of charge in 
the one pass design and the charge in the serpentine design using corrected mass 
in the outlet header.   
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Table 7.5: Corrected void fraction for one pass open condenser from Hoehne and 
Hrnjak (2004) with R290 
Data 
Point 
Difference 
in Mass 
Outlet 
Header 
Volume 
Liquid 
Density 
Vapor 
Density 
Corrected 
Void 
Fraction 
[-] [kg] [m3] [kg/m3] [kg/m3] [-] 
A 0.01213 0.0000572 447.7 39.06 0.58 
B 0.01167 0.0000572 450.0 37.93 0.60 
C 0.01095 0.0000572 454.3 35.88 0.63 
D 0.0125 0.0000572 463.0 31.94 0.57 
E 0.0156 0.0000572 466.8 30.28 0.44 
F 0.01336 0.0000572 471.8 28.28 0.54 
    
Average 0.56 
 
The data shows that using this void fraction that was inferred from the 
experiment, the one pass design still has more charge than the serpentine design 
for all refrigerants. This conclusion is the opposite of the one observed if only the 
percentage of charge from experiment is used, which shows that taking into 
account the volume of the headers is very important in calculating total charge in 
the one pass condenser. 
Table 7.7 shows the void fractions that would be needed in the outlet header of 
the one pass design for the total charge of the one pass design to be the same as 
the serpentine design.  For some refrigerants it shows that the void fraction should 
be above 0.9.  Fig. 7.9 shows various void fraction correlations for microchannel 
tubes as a function of quality. The figure shows that for void fraction greater than 
0.9, the quality needed may range from 0.4 to 1. This means that the quality out of 
the microchannel tubes into the outlet condenser must be 0.4 to 1 if homogenous 
flow is assumed in the header. This is contrary to the analysis in this section 
where the outlet for each microchannel tube was calculated such that the quality 
was set to zero. 
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Table 7.6: Charge distribution using average void fraction of 0.56 in the outlet 
header of the one pass design 
Refrigerant 
Mass in 
Inlet 
Header 
Mass in 
Microchannel 
Tubes 
Corrected 
Mass in 
Outlet 
Header 
Total 
Mass 
Mass in 
Serpentine 
Design 
[-] [g] [g] [g] [g] [g] 
R717 2.04 0.45 79.88 82.37 13.44 
R600a 2.91 1.76 73.20 77.87 59.05 
R290 6.32 0.79 67.49 74.60 34.44 
R134a 10.00 3.03 162.41 175.44 124.20 
R1234yf 12.22 3.62 148.27 164.11 132.00 
R32 12.43 1.04 132.86 146.33 44.76 
R410A 18.41 1.51 149.06 168.99 65.56 
 
 
Figure 7.8: Charge distribution for single pass condenser using an average void 
fraction of 0.56 in the outlet header  
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Table 7.7: Void fraction needed for each refrigerant to match charge in serpentine 
design 
Refrigerant Void Fraction 
Mass in 
Inlet 
Header 
Mass in 
Microchannel 
Tubes 
Corrected 
Mass in 
Outlet 
Header 
Total 
Mass 
Mass in 
Serpentine 
Design 
[-] [-] [g] [g] [g] [g] [g] 
R717 0.952 2.04 0.45 10.94 13.43 13.44 
R600a 0.678 2.91 1.76 54.37 59.05 59.05 
R290 0.850 6.32 0.79 27.32 34.44 34.44 
R134a 0.708 10.00 3.03 111.28 124.31 124.20 
R1234yf 0.664 12.22 3.62 116.18 132.02 132.00 
R32 0.940 12.43 1.04 31.26 44.73 44.76 
R410A 0.916 18.41 1.51 45.59 65.52 65.56 
 
 
Figure 7.9: Various void fraction correlations are shown as functions of quality  
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7.5 CONCLUSION 
In this section, the serpentine condenser design was compared to multipass 
condenser designs by enforcing the same penalty on COP (1 %) due to pressure 
drop. First, the analysis showed that if only the microchannel tubes are 
considered, then the multipass designs had lower charge than the serpentine 
design for all refrigerants. Second, it was shown that when including an outlet 
header that was full of liquid refrigerant, the total charge in the one pass design 
was always higher than the serpentine design. It was then tried to account for the 
additional mass in the header using a percentage of the total charge and found that 
this percentage does not account for volume of the header. To account for the 
effect of volume in the header, experimental data for single condenser for R290 
was used. The volume of the outlet header for single pass condenser was assumed 
to be filled with liquid, and then compared the total charge making this 
assumption to the experimental data. Using the mass difference between a header 
filled with liquid and the collected experimental data, a void fraction was inferred 
for all data points for the one pass design. This void fraction was then used in the 
outlet header of the one pass design in this analysis. This showed that the void 
fraction used caused the total charge in the one pass design to be higher than the 
mass in the serpentine design. This implies that if the void fraction used is correct, 
then the serpentine design is more favorable to use in order to reduce charge. It 
shows that the negative effect of the headers can outweigh the positive effect of 
smaller microchannel volume in the one pass design.  
7.6 NOMENCLATURE 
ṁ  refrigerant mass flow rate         (g/s) 
∆P  pressure drop          (kPa) 
G   mass flux                 (kg/m2-s) 
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Dh  hydraulic diameter           (m) 
M  total mass            (kg) 
Vol  volume            (m3) 
ρl  density of liquid                  (kg/m3) 
ρv  density of vapor                  (kg/m3) 
α  void fraction               (-) 
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CHAPTER 8: HEADER CHARGE PREDICTION 
8.1 OVERVIEW 
The physics in headers in microchannel heat exchangers is still a topic of study. 
There is little data regarding charge and distribution in vertical headers. The 
objective of this chapter is to try to correlate the available data to find the charge 
in the headers. Models were created for serpentine design condensers and 
evaporators in Chapters 2 and 3. The model showed good agreement with 
serpentine heat exchanger pressure drop, heat transferred, and charge data. 
Therefore, it is known that models for the serpentine microchannel tubes are 
accurate charge predictors (inlet and outlet headers in serpentine design are small 
and their effects negligible). This means that one can predict what is happening in 
the microchannel tubes well. Therefore, for single pass and two pass heat 
exchangers, the error between model and experiment will be assumed to come 
from the headers.  
 
Figure 8.1: Two pass heat exchanger sections 
The condenser will be the starting point, since it holds most charge in a 
refrigeration system. For a two pass design, the condenser is separated into six 
sections: The inlet header (header 1), slab 1, the receiving header (header 2), the 
providing header (header 3), slab 2, and outlet header (header 4, also a receiving 
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header), as shown in Fig. 8.1. The headers are divided into as many elements as 
there are microchannel tubes in the slab adjacent to the header. The microchannel 
tubes in the slab are divided into as many elements as necessary, in this case 100 
divisions. 
8.2 INLET HEADER MODELING (HEADER 1) 
For the inlet header (header 1), it is assumed that the superheated vapor fills the 
header uniformly. Mass flow rate is added to one microchannel tube at a time 
moving from the top of the header to the bottom of the header. Each microchannel 
tube receives the same mass flow rate (total mass flow rate divided by total 
number of tubes in the slab adjacent to the inlet header). Pressure drop is 
calculated in the header, using the Churchill and Usagi (1972) friction factor for 
single-phase flow, as the refrigerant moves from the top of the header to the 
bottom of the header. A header element is the volume in the header that is next to 
a microchannel tube of the adjacent slab. The output of each header element is the 
input into that element’s microchannel tube. The charge is calculated assuming 
average density in each element.  
Heat transferred from the header is calculated using the Dittus and Bolter (1930) 
correlation for refrigerant side-single phase heat transfer. The Churchill-Bernstein 
(1977) heat transfer correlation for single-phase fluids over a cylinder was used 
for air side heat transfer.  
8.3 MICROCHANNEL TUBE MODELING (SLAB 1 AND SLAB 2) 
For slab 1, the inputs for pressure and temperature come from header 1. These 
will be slightly different for each microchannel tube since frictional pressure drop 
and heat transfer are accounted for in the inlet header as the refrigerant travels 
down the header and then into the microchannel tubes of slab 1. For slab 1 and 
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slab 2, the tubes are modeled the same way as the tubes in the serpentine heat 
exchanger (without header). The heat transfer, pressure drop, and charge are 
calculated for each element of each tube individually. The outputs for each tube in 
slab 1 become the inputs to the respective elements in header 2. For air side heat 
transfer coefficient, the correlation by Park and Jacobi (2009) was used for all 
condensers studied. The refrigerant single-phase correlations for friction factor 
and heat transfer coefficient were the same as the ones used in the serpentine 
design in Chapter 2 (Churchill and Usagi (1972) and Dittus and Bolter (1930), 
respectively).  In the refrigerant two-phase region, the correlation for pressure 
drop by Cavallini et. al. (2006) was used. The correlations for refrigerant heat 
transfer coefficient by Dobson and Chato (1998) and Kondo and Hrnjak (2011) 
were applied. The void fraction correlation by Graham et. al. (1997) was used for 
the microchannel tubes in the slabs.  
For slab 2, the inputs for pressure, temperature, and quality come from header 3, 
which has different quality distribution functions, as discussed later. The outputs 
of each header 3 element become the inputs into each microchannel tube in the 
second slab. The heat transfer, pressure drop, and charge are calculated for each 
element of each tube individually. The outputs of each tube in slab 2 become the 
inputs to the respective elements in the outlet header. 
8.4 RECEIVING HEADERS MODELING (HEADER 2 AND OUTLET 
HEADER) 
8.4.1 Header Discritization 
Each element in header 2 is divided into two separate regions: the mixing region, 
which assumes adiabatic mixing of refrigerant, and the accelerating region, where 
different forces are taken into account to calculate the pressure drop and velocity 
in the header.  
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Figure 8.2: Mixing region of header 2 
Fig. 8.2 shows the mixing region in header 2, where the total mass flow rate in the 
element is a function of the tube number (assuming all microchannel tubes have 
the same mass flow rate). The velocity of the flow is found by assuming an 
adiabatic, inelastic collision. Equations (8.1-8.3) show the different mass flow 
rates as well as the momentum balance of the flow. If Equations (8.1) and (8.2) 
are inserted into (8.3), then Equation (8.4) can be used to solve for the final 
velocity in the element,	Vabc.  
m ef	 = (i − 1)m cbhi	     (8.1) 
m abc	 = (i)m cbhi	      (8.2) 
m ef	Vef = m abc	Vabc      (8.3) 
Vabc = Vef (eJ)e      (8.4) 
The pressure across the mixing region is assumed constant. The outlet enthalpy of 
the mixing region is calculated using the energy balance in Equation (8.5). 
m abc	habc = m ef	hef +m cbhi	hcbhi    (8.5) 
The mixing region is assumed to be small so that there is very little charge to be 
accounted for in that region. 
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The region where fluid accelerates due to gravity (the second region in the header 
element) for the receiving header is not adiabatic. The heat transfer and pressure 
drop in the header are calculated using refrigerant correlations for two-phase flow 
in large tubes. The frictional pressure drop was calculated using the Müller-
Steinhagen and Heck (1986) correlation. The Dobson and Chato (1998) 
correlation as well as the effectiveness–NTU method was used for heat transfer in 
the vertical headers (Dalkilic et. al., 2009). The heat transfer on the air side was 
calculated assuming flow over a cylinder using the correlation by Churchill and 
Bernstein (1977), shown in Equation (8.6), where all properties are evaluated at 
the film temperature, shown in Equation (8.7).   
Nummmmn = 0.3 + .oipWE qrWDst[uv.XwxEDyzWX {1 + 
oip)|}~
X|
    (8.6) 
T = J∞       (8.7) 
The void fraction in the element is calculated using two methods: First, using the 
correlation for void fraction by Zietlow and Pedersen (1995), and second using a 
correlation developed utilizing kinematics to calculate the void fraction in the 
element. These two methods for void fraction are discussed below. 
8.4.2 Zietlow and Pedersen (1995) Void Fraction Correlation 
Different approaches were taken to calculate void fraction in the accelerating 
region. The Zietlow and Pedersen (1995) correlation was the first approach used. 
Equations (8.8-8.13) show the Zietlow and Pedersen (1995) void fraction 
calculation procedure for the header element; the void fraction correlation is a 
function of the fluid velocity. 
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m  = ρVA      (8.8) 
V =	u       (8.9) 
A =  (u)ρ     (8.10) 
m  = (1 − x)m cbhi     (8.11) 
A = ∗(J)∗(eJ)∗ e∗ρ∗(u)      (8.12) 
αeica = 1 −      (8.13) 
Zietlow and Pedersen (1995) calculated the final velocity by accounting for 
acceleration of the flow by gravity, Equation (8.14).  
Vabc = Vef + 2gL     (8.14) 
Equation (8.14) finds velocity based on acceleration due to gravity. The effect of 
frictional pressure drop (using Müller-Steinhagen and Heck (1986) for two-phase 
pressure drop) was modeled and added to find the velocity out of the element. 
This method showed that the frictional pressure drop had little effect on the 
velocity of the fluid. A reason may be that the frictional pressure drop for two-
phase refrigerant flow in headers is not accurately predicted, and more research is 
needed in order to properly account for the effect of friction and find the velocity 
of the refrigerant in the header. Therefore, Equation (8.14), which only includes 
the effect of gravity, should be used to predict the velocity of the refrigerant in the 
header when the effect of friction pressure drop is negligible.  
Another method of calculating the velocity in the header is by creating a linear 
velocity distribution. It assumes that the velocity at the first header element has a 
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velocity equal to that of the flow out of the adjacent tube. The density in this 
header is the same as the adjacent microchannel tubes. The cross sectional area of 
the flow in the first element is the same as that of the microchannel tubes. This is 
used to find the initial velocity of the first header element. Then, for the last 
element in header 2, it was assumed that the bottom of the last element is filled 
with liquid. The last header element has the same mass flow as the inlet of the 
condenser (by conservation of mass). Therefore, using the density at a quality of 
zero, the temperature of the refrigerant stream out of the last header element, the 
cross sectional area of the header, and the mass flow rate into the condenser, the 
velocity of the last element can be calculated. This correlation for velocity is 
shown in Equation (8.15). The Zietlow and Pedersen (1995) void fraction was 
calculated using both Equations (8.14) and (8.15) and compared.  
Y24212O3 = Y +  ∗   ∗S ¡¢¢¡∗£¡¢¢¡¤J	¥¦§¨©S    (8.15) 
8.4.3 Kinematics Void Fraction Correlation 
A new correlation for void fraction is proposed for receiving headers (header 2 
and outlet header). It assumes that stagnant vapor occupies all space of the header 
Figure 8.3: Flow inside receiving header; (a) flow hits the 
wall, (b) flow goes down without hitting wall 
(a) 
(b) 
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that is not flowing. The flow is modeled as a continuous flow with a cross section 
coming out of the microchannel tubes. Kinematic relations are applied to the flow 
to calculate its flow path and length (Lflow) due to the effect of gravity on the fluid 
and the momentum of the flow exiting the tube. This distance times the cross 
sectional area of the microchannel tube is used to calculate the volume of the 
flow. Then, assuming an average density and void fraction, the charge in that 
section can be calculated, as shown in Equation (8.22). Fig. 8.3 shows the 
schematic of the flow into the header where (a) is assuming the flow’s kinetic 
energy is high enough that the flow hits the wall of the header before falling down 
the header, and (b) shows the case when the kinetic energy is lower and the flow 
does not hit the wall but instead falls down due to gravity. For Fig. 8.3 (a) Lx is 
assumed to be the diameter of the tube. Equations (8.16-8.19) are used to 
calculate Lx in Fig. 8.3 (b). Using Equations (8.20) and (8.21) the length of the 
flow inside the header element is calculated. 
Lª = Vª,t +  gt, 	Vª. = 0      (8.16) 
t = ¬­®¯       (8.17) 
V = ­°c       (8.18) 
L = V¬­®¯       (8.19) 
a = ¯°E      (8.20) 
La = ²³ 2aL4aL + 1 + sinhJ 2aL   (8.21) 
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 The new void fraction correlation with pertinent equations is shown in Equations 
(8.22-8.24).  
αµefi³ce¶ =a·α·ua¸x¹º¹»¹α¸x¹º¹»¹u(aJa·Ja¸x¹º¹»¹(eJ))¼G¡Sa  , ,½¾4 = 1 (8.22) 
VolÀriÁiifc = LiiifcA¶Â,bhi( − 1)     (8.23) 
Vola = A¶Â,cbhiLa    (8.24) 
This correlation assumes that the flows mix at the bottom of the element as they 
enter the next element in the header but cross sectional area of the flow is 
conserved. It also assumes homogeneous flow; velocity of the vapor is the same 
as the liquid velocity. Furthermore the correlation gives the void fraction in the 
element of the header, which accounts for the flow from the microchannel tube 
and the flow from previous element into the new element, and the rest of the 
volume in the header is assumed to be filled with stagnant vapor. 
8.4.4 Homogenous Void Fraction Correlation 
Another approach in modeling charge in the intermediate header was to assume 
that the quality of the refrigerant leaving the adjacent tube to the header element is 
set as the quality of the entire header element. Then assuming that velocity of 
vapor is the same as that of the liquid (homogeneous) the homogenous void 
fraction can be applied to the header element. This assumption may sometimes 
allow for the header to be filled with liquid if the quality of the adjacent 
microchannel tube is zero into the header element.  
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8.5 SECOND TWO-PHASE HEADER MODELING (HEADER 3) 
Fig. 8.4 shows the flow inside header 3. It assumes that the mass flow rate into 
each microchannel tube is the same. The mass flow rate into header 3 is the total 
mass flow rate out of header 2. Multiple approaches were applied to header 3 in 
order to find the charge in this header. 
 
Figure 8.4: Header 3 mass flow rate distribution 
What remained consistent with each approach is the mass flow rate equations and 
momentum conservation equations in the mixing region shown in Fig. 8.4, and 
described in Equations (8.25-8.28). 
m ef = m cbhi((N − i) + 1)    (8.25) 
m abc = m cbhi(N − i)     (8.26) 
m efVef = m abcVabc     (8.27) 
Vabc = P(ÃJe)uRÃJe      (8.28) 
The enthalpy and pressure remain constant in the mixing region. The differences 
in charge prediction are due to the accelerating region. 
An approach to calculate charge in the header is by assuming different quality 
distribution in the header and applying the homogeneous void fraction to calculate 
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the total charge.  The flow into the microchannel tubes adjacent to the header 
elements is assumed homogenous. The quality into each microchannel tube is 
dependent on the quality distribution in the header and the position of the tube in 
the header. Five quality distribution functions were studied. The first quality 
distribution function assumes that the quality is the same throughout all of header 
3, as shown in Fig. 8.6 (a) Uniform (constant quality). The constant quality is 
assumed to be the quality out of header 2. The second quality distribution function 
is a linear distribution function, which starts at the exit quality of header 2 and has 
quality of zero at the bottom of the header (Fig. 8.6 (b) Linear) with the 
distribution function described in Equation (8.29).  
x = x −  vÃÄ¹ÅÆÄE i     (8.29)  
The third quality distribution function is a mixture or combination of the linear 
and uniform quality distribution functions. The quality is assumed constant until it 
reaches 50 % length of the header; after the 50% point, a linear distribution from 
the quality that equals the exit quality of header 2 to a quality of zero is created. 
This mixed distribution function is described in Equations (8.30-8.31) and shown 
in Fig. 8.6 (c) Mixed. 
Q = Ç Q,  < 0.5 ∗ 'É4/ÊQ +	 (CvJ)(/∗©SJ©S) ∗ ( − Ë ∗ 'É4/Ê), Q ≥ 0.5 ∗ 'É4/Ê  (8.30) 
 Ë = H¥ÍE          (8.31) 
 
The fourth quality distribution function is similar to the linear function. The 
quality starts with the same quality out of header 2; then, the quality distribution 
function goes linearly to zero when 80 % of the length of the tube is reached with 
the rest of the tube assumed to be at quality of zero, as shown in Fig. 8.6 (d) Ratio 
and described in Equation (8.32). 
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x = Ç x −  v.)ÃÄ¹ÅÆÄE i,				LiiifcqaÂ ≤ 0.8	LÎi³Ïir#0,																																								LiiifcqaÂ > 0.8	LÎi³Ïir#			  (8.32) 
Finally, a completely separated quality distribution was studied. This function 
assumes that all the liquid pools at the bottom of header 3 and the vapor stays 
above this liquid line, as shown in Fig. 8.6 (e) completely separated.  Equations 
(8.33) and (8.34) describe the completely separated quality distribution studied.  
x = 60, i ≥ NÐ³ÀarÑfª1,			i < NÐ³ÀarÑfª     (8.33) 
NÐ³ÀarÑfª = x¶cNcbhiÂÒ³h    (8.34) 
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(a) Uniform (b) Linear (d) Ratio (e) Completely 
separated 
Figure 8.5: Quality distribution functions applied to header 3 
(c) Mixed 
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8.6 MODEL COMPARISON TO DATA 
All the different condenser sections are combined into the two pass condenser and 
the values are compared to experimental data by Litch and Hrnjak (1999), Hoehne 
and Hrnjak (2004), and Jin and Hrnjak (2012).  Any tubes used to collect charge 
outside the condenser headers are assumed to be full of refrigerant at the specified 
properties into or out of the condenser (these are the tubes used to separate the 
condensers from the rest of the system). The results from each section are added 
to get the total capacity, pressure drop, and charge in the condenser.  
8.6.1 One Pass Condensers 
For the one pass condenser, data from Hoehne and Hrnjak (2004) was used (see 
Chapter 2 for data and condenser descriptions). The Inlet header, slab 1, and the 
outlet header were modeled as described in the sections above. The outlet tubes 
were modeled using the quality of the last header element taking heat transfer into 
account. This quality is very close to the exit quality of the last microchannel tube 
in the header.   
Table 8.1 shows the charge distribution in the condenser including inlet and outlet 
tubes. The different ways to model the charge in the outlet header are also listed 
and compared. Fig. 8.6 shows the comparison between the experiment and the 
model.  
Table 8.2 shows the same comparison as shown in Table 8.1 but with data for the 
closed port one pass condenser from Hoehne and Hrnjak (2004). Fig. 8.7 shows 
the total charge using the different methods to predict charge in the outlet header 
compared to the experimental data.  
The comparison for both condensers shows that the kinematics void fraction 
model best predicts the total charge in the condensers. Furthermore, the data 
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shows that the different velocity distributions have significant effect on Zietlow 
and Pedersen (1995) void fraction correlation. Zietlow and Pedersen (1995) does 
not show the same trends when using the same velocity model in different heat 
exchanger. Hence, if the velocity distribution is not accurately predicted, then the 
Zietlow and Pedersen (1995) correlation will not predict charge accurately either. 
The kinematics void fraction is recommended for general use with receiving 
headers. 
Fig. 8.8 shows the charge distribution in the single pass open ports condensers 
using the kinematic void fraction to calculate the total charge in the outlet header, 
the experimental data for each condenser is also plotted. The figure shows that 
most of the charge is located in the outlet header of the condenser. Fig. 8.9 shows 
the charge distribution in the single pass closed ports condensers. The figure also 
shows that most of the charge is located in the outlet header of the condenser.  
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Table 8.1: Charge comparison using different charge prediction techniques in the outlet header for the one pass condenser with open 
ports using data from Hoehne and Hrnjak (2004) with R290 
 
Exp MInTube MOutTube MInHeader MMCT 
Outlet Header TOTAL 
Mhomog MZietGrav MZietLin MKinematics MSameX MZietGrav MZietLin MKinematics 
C
h
a
r
g
e
 
[
g
]
 
30.62 0.16 1.75 2.17 12.85 30.40 3.36 26.40 16.62 47.33 20.29 43.33 33.55 
31.14 0.15 1.76 2.07 12.81 30.70 3.33 26.62 16.70 47.50 20.12 43.42 33.50 
30.96 0.15 1.76 1.95 11.83 30.05 2.43 4.12 16.70 45.73 18.11 19.81 32.38 
31.11 0.14 1.82 1.82 12.96 31.66 2.21 8.81 16.98 48.40 18.95 25.54 33.72 
29.45 0.12 1.85 1.70 14.16 32.27 2.50 23.80 17.16 50.10 20.33 41.63 34.99 
29.85 0.12 1.84 1.58 12.41 32.07 2.02 8.72 17.11 48.01 17.96 24.66 33.05 
 
Table 8.2: Charge comparison using different charge prediction techniques in the outlet header for the one pass condenser with closed 
ports using data from Hoehne and Hrnjak (2004) with R290 
 
Exp MInTube MOutTube MInHeader MMCT 
Outlet Header TOTAL 
Mhomog MZietGrav MZietLin MKinematics MSameX MZietGrav MZietLin MKinematics 
C
h
a
r
g
e
 
[
g
]
 
23.16 0.16 1.17 2.17 5.12 18.87 18.87 2.76 9.54 27.50 27.50 11.39 18.17 
23.07 0.15 1.02 2.07 4.78 16.24 16.24 2.66 9.53 24.27 24.27 10.68 17.55 
22.83 0.15 0.87 1.97 4.64 14.50 14.50 2.53 9.49 22.13 22.13 10.16 17.12 
23.00 0.14 1.52 1.84 5.06 24.28 24.10 2.35 9.39 32.83 32.65 10.90 17.94 
22.74 0.12 1.23 1.69 4.76 19.51 19.51 2.16 9.41 27.30 27.30 9.95 17.21 
22.58 0.12 1.04 1.59 4.60 16.42 16.42 2.03 9.41 23.76 23.76 9.37 16.75 
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Figure 8.6: Charge comparison using different charge prediction techniques in the 
outlet header for the one pass condenser with open ports using data from Hoehne 
and Hrnjak (2004) with R290 
 
 
Figure 8.7: Charge comparison using different charge prediction techniques in the 
outlet header for the one pass condenser with some closed ports using data from 
Hoehne and Hrnjak (2004) with R290 
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Figure 8.8: Charge distribution for the one pass condenser with open ports using 
data from Hoehne and Hrnjak (2004) with R290 using kinematic void fraction to 
model the outlet header 
 
 
Figure 8.9: Charge distribution for the one pass condenser with closed ports using 
data from Hoehne and Hrnjak (2004) with R290 using kinematic void fraction to 
model the outlet header 
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8.6.2 Two Pass Condensers 
Different data sets where used to predict charge in the two pass condensers. The 
data set by Litch and Hrnjak (1999), Hoehne and Hrnjak (2004), and Jin and 
Hrnjak (2012) were used. 
The charge in receiving headers (header 2 and outlet header) is modeled using the 
kinematics void fraction discussed in the previous section. All other condenser 
sections are modeled as described in previous sections.  
For every condenser, capacity is compared first, using the quality distributions for 
header 3 shown in Fig. 8.5. Then, charge in the condenser was modeled, and 
lastly, the pressure drop in the condenser was calculated. Note that the pressure 
drop effects due to expansion and contraction of the flow in the headers were not 
studied. 
Fig. 8.10 shows the capacity comparison with the two pass condenser using data 
from Hoehne and Hrnjak (2004). Table 8.3 shows this same data. This 
comparison shows that best comparison to experiment was obtained using the 
uniform and mixed quality distribution in the header. Fig 8.11 and Table 8.4 show 
the data for charge prediction in the condenser. Again, the same trend was 
observed where best charge prediction was obtained using uniform and mixed 
quality distributions in header 3. Table 8.5 shows the pressure drop comparison 
using the different quality distributions; it shows that pressure drop prediction in 
the condenser was far from accurate and that more research is needed in 
understanding the true pressure drop in the headers. 
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Figure 8.10: Capacity comparison using data from Hoehne and Hrnjak (2004) using 
various quality distributions in header 3 
 
Table 8.3: Capacity comparison using data from Hoehne and Hrnjak (2004) using 
various quality distributions in header 3 
 
Exp Uniform Linear Ratio Completely Separated Mixed 
C
a
pa
ci
ty
[k
W
] 1.212 1.131 1.025 1.016 0.990 1.064 
1.329 1.242 1.121 1.109 1.077 1.165 
1.322 1.237 1.110 1.098 1.065 1.156 
1.322 1.288 1.168 1.157 1.105 1.212 
1.361 1.323 1.188 1.177 1.116 1.238 
1.311 1.289 1.150 1.138 1.077 1.201 
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Figure 8.11: Charge prediction compared to experiment using data from Hoehne 
and Hrnjak (2004) using various quality distributions in header 3 
 
Table 8.4: Charge prediction compared to experiment using data from Hoehne and 
Hrnjak (2004) with various quality distributions in header 3 
 
Exp Uniform Linear Ratio Completely Separated Mixed 
C
ha
rg
e 
[g]
 
28.11 27.47 30.91 31.11 29.99 29.65 
28.61 26.05 30.02 30.25 29.34 28.62 
27.63 25.76 29.81 30.04 29.14 28.39 
29.03 27.80 30.98 31.18 30.91 29.80 
28.39 26.77 30.22 30.42 30.33 28.93 
28.51 26.50 30.00 30.21 30.13 28.69 
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Table 8.5: Pressure drop prediction compared to experiment using data from 
Hoehne and Hrnjak (2004) using various quality distributions in header 3 
 
Exp Uniform Linear Ratio Completely Separated Mixed 
Pr
es
su
re
 
D
ro
p 
[k
Pa
] 
1.30 0.47 0.48 0.48 0.54 0.46 
1.40 0.57 0.56 0.57 0.63 0.54 
1.00 0.58 0.56 0.57 0.64 0.54 
2.80 0.61 0.61 0.62 0.73 0.59 
2.60 0.66 0.65 0.66 0.77 0.63 
2.60 0.65 0.64 0.64 0.76 0.62 
 
The next condenser modeled was from Litch and Hrnjak (1999) with R717. The 
same comparison is carried through as the one above. Fig 8.12 shows the capacity 
using the various quality distribution functions. This same information is shown 
in Table 8.6. Fig. 8.13 shows the charge prediction versus experiment; the charge 
is shown again in Table 8.7. Table 8.8 shows the pressure drop prediction for the 
R717 condenser. Fig. 8.12 and Table 8.6 show that uniform and mixed quality 
distribution best predict the capacity in the condenser. However, Fig. 8.13 and 
Table 8.7 show that uniform quality distribution does not predict charge as 
accurately as the other quality distribution functions; in this condenser the mixed 
quality distribution function is fairly accurate for both charge and heat transferred 
prediction. The pressure drop is once again not predicted well at all, as shown in 
Table 8.8. 
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Figure 8.12: Capacity comparison to experiment using data from Litch and Hrnjak 
(1999) using various quality distributions in header 3 for R717 
 
Table 8.6: Capacity comparison using data from from Litch and Hrnjak (1999) 
using various quality distributions in header 3 for R717 
 
Exp Uniform Linear Ratio Completely Separated Mixed 
C
a
pa
ci
ty
 
[k
W
] 
17.87 15.54 13.98 13.66 13.31 14.63 
17.14 13.60 12.57 12.26 11.90 12.99 
17.03 13.48 12.48 12.16 11.80 12.88 
16.69 13.36 12.35 12.05 11.72 12.76 
16.13 13.18 12.14 11.83 11.49 12.56 
15.35 12.60 11.57 11.27 10.75 11.99 
11.44 9.97 9.04 8.84 8.55 9.43 
10.41 8.49 7.71 7.49 7.26 8.03 
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Figure 8.13: Charge percent error to experiment from Litch and Hrnjak (1999) 
using various quality distributions in header 3 for R717 
 
Table 8.7: Charge modeled and compared to experiment from Litch and Hrnjak 
(1999) using various quality distributions in header 3 for R717 
 
Exp Uniform Linear Ratio Completely Separated Mixed 
Litch and 
Hrnjak 
(1999) 
Prediction 
C
ha
rg
e 
[g]
 
115.1 59.4 90.5 93.8 88.6 78.6 58.5 
90.2 50.0 80.8 85.2 81.9 69.8 45.0 
82.1 49.8 80.3 84.7 81.8 69.4 43.0 
87.8 51.7 81.9 86.2 82.4 71.1 43.5 
85.7 50.5 81.3 85.7 82.1 70.3 44.5 
88.7 52.5 83.0 87.1 87.2 72.0 44.5 
117.3 61.1 91.9 95.1 90.5 80.3 46.0 
90.8 53.3 83.8 87.9 83.6 72.9 27.5 
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Table 8.8: Pressure drop prediction compared to experiment using data from Litch 
and Hrnjak (1999) using various quality distributions in header 3 
 
Exp Uniform Linear Ratio Completely Separated Mixed 
Pr
es
su
re
 
D
ro
p 
[k
Pa
] 11.0 6.1 3.6 3.7 3.9 3.6 
11.0 8.4 4.1 4.1 4.3 4.1 
12.2 8.4 4.1 4.1 4.3 4.1 
11.2 7.0 3.5 3.5 3.7 3.5 
12.7 8.1 4.0 4.0 4.2 4.0 
10.4 6.2 3.2 3.2 3.4 3.1 
7.9 2.9 1.7 1.8 2.0 1.7 
6.7 4.1 2.0 2.1 2.2 2.0 
 
The last condenser studied was from Jin and Hrnjak (2012). It was also a two pass 
design. The working fluids were R1234yf and R134a. Fig. 8.14 shows the 
capacity comparison; this same data is shown in Table 8.9. The comparison shows 
that the uniform quality distribution best predicts the data, followed by ratio 
quality distribution, and then the mixed quality distribution. All the different 
distributions predict capacity within 10 %. 
Fig. 8.15 and Table 8.10 show the charge prediction in the condenser when using 
the different quality distributions. Table 8.11 shows the pressure drop prediction 
for this condenser. The completely separated quality distribution predicts the data 
best. This is followed by linear, then mixed, then ratio, and lastly, the worst 
prediction was from the uniform quality distribution. All the distributions used 
were able to predict the data to within 30 %.  
The comparisons show that although better heat transfer prediction may be 
obtained using the uniform quality distribution, it is not the best when used to 
compare the charge in the condenser. The same conclusion is made using the ratio 
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quality distribution. From previous condenser models, it was shown that the 
mixed quality distribution had is fairly accurate at predicting capacity and charge 
in the condensers. Therefore, it is recommended to use this quality distribution to 
predict charge in the header 3. Lastly, Table 8.11 shows the effect of the different 
quality distribution functions on pressure drop. Table 8.11 shows that once again, 
prediction of pressure drop in the multiple pass condensers is not very accurate, 
and more research is needed for this subject.  
 
Figure 8.14: Capacity comparison using data from from Jin and Hrnjak (2012) 
using various quality distributions in header 3 forR1234yf and R134a 
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Table 8.9: Capacity comparison using data from Jin and Hrnjak (2012) using 
various quality distributions in header 3 for R1234yf and R134a 
C
a
pa
ci
ty
[k
W
] 
Ref. Exp Uniform Linear Ratio Completely Separated Mixed 
R134a 4.71 4.53 4.52 4.52 4.47 4.47 
R134a 4.65 4.52 4.48 4.48 4.43 4.52 
R134a 4.66 4.70 4.70 5.02 4.61 4.61 
R134a 4.82 4.94 4.47 4.40 4.30 4.71 
R1234yf 5.05 4.90 4.81 4.80 4.71 4.88 
R1234yf 4.95 4.90 4.81 4.79 4.70 4.88 
R1234yf 5.00 5.09 5.09 5.41 4.99 4.99 
R1234yf 4.91 4.98 4.59 4.53 4.43 4.78 
R1234yf 7.77 7.79 7.61 7.58 7.41 7.54 
 
 
Figure 8.15: Charge prediction compared to experiment using data from Jin and 
Hrnjak (2012) using various quality distributions in header 3 for R1234yf and 
R134a 
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Table 8.10: Charge prediction compared to experiment using data from Jin and 
Hrnjak (2012) using various quality distributions in header 3 for R1234yf and 
R134a 
C
ha
rg
e 
[g]
 
Ref. Exp Uniform Linear Ratio Completely Separated Mixed 
R134a 377.8 310.7 311.1 311.1 311.2 310.9 
R134a 384.9 304.9 306.0 306.1 306.7 305.5 
R134a 397.9 330.8 330.8 292.0 330.8 330.8 
R134a 231.6 214.0 244.4 247.8 242.4 231.2 
R1234yf 368.9 266.6 269.4 269.7 271.5 268.2 
R1234yf 373.6 263.5 267.2 267.5 264.2 265.6 
R1234yf 420.7 301.1 301.1 267.9 301.1 301.1 
R1234yf 238.6 212.5 234.0 236.5 233.9 224.7 
R1234yf 376.2 253.7 259.0 259.5 257.4 256.7 
 
Table 8.11: Pressure drop prediction compared to experiment using data from Jin 
and Hrnjak (2012) using various quality distributions in header 3 forR1234yf and 
R134a 
Pr
es
su
re
 
D
ro
p[
kP
a
] 
Ref. Exp Uniform Linear Ratio Completely Separated Mixed 
R134a 14 3.9 4.0 4.0 4.0 4.0 
R134a 17 3.7 3.9 3.9 4.0 3.7 
R134a 15 3.8 3.8 8.1 3.8 3.8 
R134a 30 5.5 4.6 4.7 5.2 4.5 
R1234yf 17 4.6 4.8 4.8 5.0 4.6 
R1234yf 18 4.7 4.8 4.8 5.0 4.7 
R1234yf 22 4.6 4.6 10.2 4.5 4.5 
R1234yf 39 6.5 5.7 5.8 6.0 5.5 
R1234yf 40 8.4 8.4 8.4 8.6 8.3 
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Using the results from previous sections, the charge distribution in the condenser 
was studied. Fig. 8.16 shows the charge distribution in the two pass condenser 
from Hoehne and Hrnjak (2004). Fig. 8.17 shows the charge distribution for the 
two pass condenser from Litch and Hrnjak (1999). Fig 8.18 shows the charge 
distribution for the two pass condenser from Jin and Hrnjak (2012). The charge in 
the inlet header is calculated assuming uniform superheated vapor. The charge in 
the second header is calculated using the kinematic void fraction correlation 
discussed in this chapter. The charge in the third header is calculated using the 
mixed quality distribution and homogeneous void fraction correlation when the 
flow is two-phase. Finally, the outlet header charge is calculated using the 
kinematics void fraction correlation. Figures 8.16 to 8.17 show that header 2 has 
more charge than header 3, even though header 3 may contain elements that are 
subcooled. This may be due to the volumes; the volume of header 3 was about 
half than that of header 2 for all condensers. Therefore the total void fraction in 
header 2 was larger than that of header 3; however, because of the larger overall 
volume of header 2 the charge in header 2 is larger.  
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Figure 8.16: Charge distribution for two pass condenser from Hoehne and Hrnjak 
(2004) 
 
 
Figure 8.17: Charge distribution for two pass condenser from Litch and Hrnjak 
(1999) 
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Figure 8.18: Charge distribution for two pass condenser from Jin and Hrnjak 
(2012) 
 
8.7 NOMENCLATURE 
a  coefficient of quadratic equation    (m2/s2) 
A  cross sectional area      (m2) 
ρ
  
density                  (kg/m3) 
Dh  hydraulic diameter      (m) 
Exp  experiment       (-) 
g  acceleration due to gravity     (m/s2) 
h
  
specific enthalpy      (kJ/kg) 
i  header element number     (-) 
L  length of header element     (m) 
ṁ
  
mass flow rate       (g/s) 
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M  mass         (g) 
N  number of MCT      (-) 
Nu  Nusselt number       (-) 
P
  
Pressure       (kPa) 
Pr  Prandtl number      (-) 
Re  Reynolds number      (-) 
t  time        (s) 
T  temperature       (°C) 
V
  
Velocity       (m/s)
 
x  quality        (-) 
α  void fraction       (-) 
Subscripts 
bottom  bottom of header, last element in the header 
cs  header inner cross sectional area 
cs, Tube  cross sectional area of MCT  
D  hydraulic diameter 
element  header element 
elementPos at which the current element is located 
f  film 
flow   the flow (void fraction out of MCT) 
header3  header 3 
in  into header element 
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InHeader  inlet header 
InTube   inlet connecting tubes used to collect charge 
Kinematics kinematics void fraction 
l  liquid 
MCT  microchannel tube 
out  out of header element 
OutTube  outlet tubes from header to valve 
preElement from previous header element 
tubesSlab2 MCT’s in the second slab 
tot   total 
SameX  using same x as adjacent MCT  
Slab   slab number adjacent to header element 
vaporOnly  last element for which there is vapor only 
w  wall 
x  x component of the flow 
y  y component of the flow 
Zietlow  Zietlow and Pedersen (1995) 
ZietGrav Zietlow and Pedersen (1995) void fraction with gravity effect on 
velocity 
ZietLin Zietlow and Pedersen (1995) void fraction with linear velocity 
distribution  
∞  far from tube (air inlet properties)-free stream 
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0  out of last element of header 2 
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9. CONCLUSION AND FUTURE RECOMENDATIONS 
This thesis described the development of numerical models to predict charge in 
microchannel heat exchangers. The models were validated using data available in 
literature. The models were used to compare different refrigerants, and to model 
different heat exchanger designs. Charge reduction is important to reduce the 
environmental impact due to refrigerants. Furthermore, reducing charge is 
necessary for flammable and or toxic refrigerants. Charge reduction is also 
desirable from a financial point of view.  
Chapter 4 and 5 described a technique to compare refrigerants based on penalty 
due to pressure drop. Chapter 4 showed that in serpentine microchannel tube 
condensers, ammonia has the highest potential for charge reduction, followed by 
R744 and propane.  The reason for ammonia being the best option, despite having 
notoriously high refrigerant side pressure drop when presented as a function of 
mass flux, is mostly in high latent heat of vaporization that reduces required mass 
flow for the same air side conditions; low vapor density also reduces charge.  
R744 requires mass flow rate similar to other refrigerants; it has low sensitivity to 
pressure drop, therefore requiring the smallest volume. However its high vapor 
density causes higher charge than ammonia. Chapter 5 shows similar results for 
the serpentine evaporator when the same refrigerant comparison technique is 
applied. The only difference is that R717 is not the lowest charge refrigerant; this 
position is taken by R744. The reason R717 behaves differently for evaporation is 
due to lower inlet quality into the evaporator, resulting in higher charge compared 
to R744. 
Chapter 6 and 7 show the effect of mass flux for two different geometries. 
Chapter 6 showed that increasing mass flux leads to lower charge. Chapter 7 
showed the same trend with addition to a comparison to serpentine design. If 
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headers are not accounted for, the small volume of the single pass and two pass 
designs will have lower charge than the serpentine design. Possible header effects 
where presented, they showed that accounting for charge in the headers removes 
the positive effect of the small volume due to the microchannel tubes.  
Chapter 8 showed different methods to model single pass and two pass designs 
which included charge inventory in the headers. For headers receiving flow, it 
was found that developed method using kinematics best predicted these headers. 
For headers that provided flow to an adjacent slab of microchannel tubes, it was 
found that using a “mixed” quality distribution best predicted charge.  
Future recommendations include further research in pressured drop and charge in 
headers. More charge data for full system and for individual components may aid 
in further validation of the different models.  
